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ABSTRACT 
 
By-products from the cider and brewing industries, including apple pomace (AP) and 
brewer’s spent grain (BSG) respectively, constitute major environmental problems due 
to the large quantities produced every year. They are sources of valuable compounds 
such as protein, fibre, essential fatty acids, phenolic compounds and minerals, some of 
them with antioxidant and prebiotic properties. Their high nutritional value leads to 
their potential use as human food products and several applications have been 
considered recently. The aims of this work include i) the nutritional and compositional 
characterisation of AP, BSG and final extruded and baked prototypes containing these 
by-products and ii) the extraction of the bioactive compounds present using 
environmentally green methods for potential food applications. The nutritional and 
compositional characterisation showed that AP contained mainly carbohydrates (51 %) 
and fibre (42 %) while BSG was composed mainly of fibre (61 %) and protein (21 %) 
and both were a potential source of antioxidants. The content of fibre and antioxidant 
properties of baked scones and extruded snacks increased with incorporation of up to 20 
% of AP with no loss of nutritional value. The same findings were observed for 
breadsticks and extruded snacks incorporated with up to 20 % of BSG with an increase 
also in protein content. AP phenolic extracts with high antioxidant activities were 
produced by extraction with water and food compatible aqueous organic solvents (40 % 
methanol and 40 % acetone). Arabinoxylans (AX) -rich extracts from BSG with high 
prebiotic potential were produced by ultrasound-assisted extraction (UAE), with a 
significant reduction of time and less energy consumption than the conventional method 
used. AP and BSG are possible ingredients in enhancing some baked and extruded 
snacks properties and possible sources for isolating antioxidants and prebiotics. 
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The consumption of cider in Europe, according to the Irish Cider Association (ICA) 
reached 950 million litres in 2008, of which 72 million litres were produced and 
consumed in Ireland (ABFI, 2010b, 2014). The consumption of beer in Europe in 2010 
reached 383 million hectolitres, and the figures in Ireland were of 8.2 million hectolitres 
as reported in September 2011 by The Brewer’s of Europe (Brink et al., 2011). These 
industries generate several by-products with apple pomace being the main by-product of 
the cider industry and brewer’s spent grain of the brewing industry. Apple pomace is 
generated in 4-6 kg for every 10 litres of cider produced (Ciderworkshop, 2009; 
Madehow, 2014; Vendruscolo et al., 2008) and brewer’s spent grain is generated in 2 kg 
for every 10 litres of beer produced (Mussatto et al., 2006). Thus an estimate of 43,200 
tonnes of apple pomace and 164,000 tonnes of brewer’s spent grain are generated in 
Ireland every year. These by-products are utilised for animal feed or as fertilisers, 
however a substantial amount ends in landfills, which becomes an environmental 
problem since they are very perishable and in high quantities originate intense and 
unpleasant smells. The substantial increase expected in the Ireland landfill levies in 
2012 (ABFI, 2010a) turns this issue also an economic problem for these industries. The 
European production of these wastes, according to the published data referred before, 
can be estimated to reach more than half a million tonnes for apple pomace and 8 
million tonnes for brewer’s spent grain. The National and the European figures for these 
wastes suggest the need for new value-added applications to deal with this 
environmental waste issue. 
Faced with this environmental problem some projects have emerged in an attempt to 
create new applications for these by-products. One possible application is their use as 
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human food nutrition as proposed by the project “Healthy cereal-based snacks from by-
products of the milling, malting, brewing and cider industries.” (Reference No: 
08RDTAFRC665) funded by the Irish Department of Agriculture, Food and the Marine 
under the Food Institutional Research Measure (FIRM), upon which this thesis is based. 
The aim of the FIRM-funded project is to find the hidden potential of nutritious by-
products from brewing, milling and fruit processing and to develop a range of new 
healthy cereal-based snacks. To achieve the aim of the project, one of the tasks is the 
nutritional and compositional characterisation of the cider and brewing by-products and 
final optimised prototypes containing these by-products and is the main aim of this 
thesis. The objectives of this task are the (i) characterisation of the bioactive compounds 
from the by-products and final optimised prototypes, and evaluation of the processing 
influence on the bioactives present in the final prototypes, in order to achieve healthy 
cereal-based prototype snacks (functional foods), and (ii) extraction of the bioactive 
compounds present by environmentally friendly methods, in order to produce food 
ingredients (nutraceuticals). The experimental work on this task started in June 2009 
and finished in December 2013 and the research developed during these years is 
presented in this thesis.  
This thesis starts with an introductory section, Chapter 1, where the problem and 
general aim of the thesis are defined as well as the description of the chapters; followed 
by the Literature Review, which presents published information in the field and results 
relevant to the topic of the thesis; and Aim and objectives of the thesis. The main body 
of the thesis is presented from Chapter 2 onwards. Chapters 2 to 6 are presented as peer-
reviewed academic papers, which have been published in internationally recognised 
journals in the field. 
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Chapter 2, Water at room temperature as a solvent for the extraction of apple pomace 
phenolic compounds, paper I, explores a new green methodology for the extraction of 
antioxidants from the main by-product of cider industry. This paper was fully written by 
the author of this thesis, also responsible for the optimisation and development of the 
methodology used, as well as, the determination of phenolic compounds and antioxidant 
capacity evaluation. The LC-ESI/MS studies presented in the paper were performed by 
the same author in the Department of Food Biosciences, Teagasc Food Research Centre 
(Ashtown) by the supervision of Dilip K. Rai. The optimisation of the LC-ESI/MS 
methods and the compounds quantification were in charge of Dilip K. Rai. 
Chapter 3, Apple pomace as a potential ingredient for the development of new 
functional foods, paper II, characterises snack prototypes upon apple pomace 
incorporation. This paper was fully written by the author of this thesis, also responsible 
for the chemical characterisation, phenolic compounds determination and antioxidant 
capacity evaluation of the snack prototypes. The snack prototypes were developed by 
Mahesh Gupta (extruded products) and Anastasia Ktenioudaki (baked products) both 
postdoctoral researchers involved in the same project. In line with the previous paper, 
the author of this thesis also performed the LC-ESI/MS studies by the supervision of 
Dilip K. Rai. 
Chapter 4, Antioxidant capacity, arabinoxylans content and in vitro glycaemic index of 
cereal-based snacks incorporated with brewer’s spent grain, paper III, describes snack 
prototypes upon the incorporation of brewer’s spent grain. This paper was fully written 
and performed by the author of this thesis. As in previous paper, the products 
development was in charge of Mahesh Gupta (extruded products) and Anastasia 
Ktenioudaki (baked products). 
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Chapter 5, Improved efficiency of brewer’s spent grain arabinoxylans by ultrasound-
assisted extraction, paper IV, investigates a new green methodology for the extraction 
of one of the main fibre components of brewer’s spent grain. This paper was fully 
written by the author of this thesis, also responsible for the optimisation and 
development of the methodology used, as well as, sugars and methylation analysis and 
determination of protein and arabinoxylans. The methylation analysis presented in this 
paper was performed in the Department of Chemistry, University of Aveiro (Aveiro –
Portugal) by the supervision of Elisabete Coelho and Manuel A. Coimbra.  
Chapter 6, Evaluation of the prebiotic potential of arabinoxylans from brewer’s spent 
grain, paper V, explores the potential health effect of the fibre extracts obtained as 
described in the previous chapter. The in vitro fermentation presented in the paper was 
performed by the author of this thesis in the Department of Chemical Engineering, 
University of Vigo (Campus Ourense –Spain) by the supervision of Beatriz Gullón and 
Patrícia Gullón, being the leader supervisor José L. Alonso. These authors contributed 
with the in vitro fermentation method optimised from faecal fermentations of 
polysaccharides of similar origin. The quantification of target bacteria by quantitative 
Real-Time PCR was performed by the author of this thesis in the Health Sciences 
Research Centre, University of Beira Interior (Covilhã –Portugal) by the supervision of 
Susana Ferreira and Cláudio J. Maia, being the leader supervisor Fernanda Domingues.  
Finally, Chapter 7, Overall discussion and conclusions, provides an overview of the 
five papers produced from this research, where the outcomes are explored and 
summarised along with some guidelines for further research. 
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1.1 Literature Review 
 
1.1.1 Functional foods and nutraceuticals 
 
Functional foods are suggested by the US Food and Drug Administration (FDA) as 
foods or food ingredients that may provide a health benefit beyond the traditional 
nutrients they contain. As such, these can be foods to which ingredients have been 
added, modified or processed for a specific health benefit (Rapport & Lockwood, 2002). 
A nutraceutical is an ingredient isolated or purified from foods demonstrated to have a 
physiological benefit or provide protection against a chronic disease (Roberfroid, 2011).  
Convenient food and healthy eating are becoming a major focus of consumer’s concern 
due to the relation established between dietary habits and the four major diseases of our 
society such as cardiovascular diseases, diabetes, cancer and obesity. Cardiovascular 
diseases, cancer and obesity have been associated with over consumption of fats, 
particularly saturated and the low consumption of fibre, vegetables and fruits (Goldberg, 
1994). The consumption of functional foods and nutraceuticals could be a way to 
provide many of the benefits provided by fruits and vegetables themselves (Rapport & 
Lockwood, 2002), particularly to those where increasing fruit and vegetable intake 
seems to be difficult. 
There are twelve classes of compounds considered to be health enhancing that include 
(1) dietary fibre, (2) oligosaccharides, (3) sugar alcohols, (4) aminoacids, peptides and 
proteins, (5) glycosides, (6) alcohols, (7) isoprenoids and vitamins, (8) cholines, (9) 
lactic acid bacteria, (10) minerals, (11) polyunsaturated fatty acids and (12) 
phytochemicals and antioxidants. These compounds are the targets for functional foods 
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and nutraceuticals (Goldberg, 1994) and since this study will deal with raw material rich 
in dietary fibre and antioxidants, these will be discussed in the next sections. 
 
1.1.1.1 Antioxidants 
 
Free radicals are highly chemically reactive species towards other substances or even 
themselves, produced in intermediate stages of several chemical reactions. In the human 
body free radicals are produced during the energy production process, and they can 
react rapidly and destructively with biomolecules such as protein, lipid, DNA and RNA 
in the body. Uncontrolled generation of free radicals is associated with lipid and protein 
peroxidation, resulting in cell structural damage, tissue injury or gene mutation leading 
to the development of a range of degenerative diseases such as cardiovascular diseases, 
cancer, inflammation, arthritis, immune system decline, brain dysfunction and cataracts 
(Kanner et al., 1994). 
Antioxidants are believed to protect the body against free radical damage by trapping 
and preventing the formation of new free radical species, through the conversion of 
existing free radicals into less harmful molecules and prevention of radical chain 
reactions (Rodríguez et al., 2007). Antioxidants can be synthetic or natural substances, 
and the latter one also called biological antioxidants that by definition “are molecules 
which, when present in small concentrations compared to the biomolecules they are 
supposed to protect, can prevent or reduce the extent of oxidative destruction of 
biomolecules” (Halliwell, 1990). Biological antioxidants include enzymatic antioxidants 
(superoxide dismutase, catalase, and glutathione peroxidase) and non-enzymatic 
antioxidants such as oxidative enzyme inhibitors (aspirin, ibuprofen), antioxidant 
enzyme cofactors (Selenium, coenzyme Q10), radical (reactive oxygen/nitrogen species - 
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ROS/RNS) scavengers (vitamin C and E), and transition metal chelators (EDTA). Non-
enzymatic antioxidants are also defined as “dietary antioxidants, substances in foods 
that significantly decrease the adverse effects of reactive species, such as ROS and 
RNS, on normal physiological function in humans” (Huang et al., 2005). 
In the last decades the reported literature on natural sources of antioxidants has 
increased significantly due to the relevance of antioxidants and the suspicion of toxicity 
and carcinogenicity of synthetic antioxidants, such as butylated hydroxyanisole (BHA), 
butylated hydroxytoluene (BHT) and propylgallate (PG), the most widely used. Natural 
sources of antioxidants are usually secondary metabolites of plant materials such as 
phenolic compounds, vitamins, carotenoids, terpenoids, coumarins, curcuminoids, 
which come from fruits, vegetables, leaves, seeds and oils. More recently, agricultural 
and industrial residues are also attractive sources of natural antioxidants (Moure et al., 
2001). 
 
Measuring antioxidant capacity  
The antioxidant capacity of a compound or a mixture of compounds is usually measured 
using different in vitro methods. These methods are reported in literature (Huang et al., 
2005) and each one follows a different reaction. The rough division described for these 
methods divides them in (1) assays based in electron transfer reactions and (2) assays 
based in hydrogen atom transfer reactions.  
The electron transfer based assays measures the capacity of an antioxidant in the 
reduction of an oxidant, thus involving one redox reaction. The antioxidant capacity is 
measured by a colorimetric method, a change in colour is observed when the oxidant is 
reduced and the degree of colour change is correlated with the antioxidant’s 
concentration. Trolox equivalent antioxidant capacity (TEAC), ferric reducing 
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antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging capacity assay are among others, examples of this kind of assays (Huang et 
al., 2005). 
FRAP assay uses the ferric salt Fe(III)(TPTZ)2Cl3 (TPTZ = 2,4,6-tripyridyl-s-triazine) 
as an oxidant, that in the presence of an antioxidant reduces [Fe(III)(TPTZ)2]3+ to 
[Fe(II)(TPTZ)2]2+ which have absorption at 593 nm (Fig. 1.1). The change of 
absorbance is calculated and related to the change of absorbance of an Fe(II) standard 
solution, and this change of absorbance is linearly proportional to the concentration of 
the antioxidant. One FRAP unit is arbitrarily defined as the reduction of 1 mol of Fe(III) 
to Fe(II). This assay is carried out under acidic conditions (pH 3.6). 
 
 
 
 
 
 
 
Figure 1.1 – Principle of the ferric reducing antioxidant power (FRAP) assay. 
 
DPPH radical scavenging capacity assay is based on the reduction of the organic 
nitrogen radical DPPH in the presence of the antioxidant (AH),	   (Fig. 1.2). This radical 
has an UV-VIS absorption maximum at 515 nm and upon reduction the colour fades. 
Usually the absorbance of the mixture is monitored at 515 nm during 30 min and the 
results expressed as percentage of DPPH inhibition after 30 min reaction [% DPPH 
inhibition = 100 x (Abs515nm control - Abs515nm sample)/ Abs515nm control]. The results can also be 
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presented as the antioxidant concentration that causes a 50% decrease in the initial 
DPPH concentration, defined as EC50. 
 
 
 
 
 
 
 
Figure 1.2 – Principle of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 
capacity assay. 
 
In the hydrogen atom transfer based assays the antioxidant and substrate compete for 
thermally generated peroxyl radicals through the decomposition of azo compounds. 
Most of these assays monitor competitive reaction kinetics and the quantitation is 
derived from the kinetic curves (Huang et al., 2005). Some examples of this type of 
assays are oxygen radical absorbance capacity (ORAC), total radical trapping 
antioxidant parameter (TRAP) and β-carotene linoleic acid system (BCLAS). 
BCLAS assay measures the percentage of antioxidant capacity, by inhibition of lipid 
oxidation, through the percentage of β-carotene preservation in the system (Fig. 1.3). 
This assay solution contains linoleic acid (substrate), β-carotene and the antioxidant, in 
dissolved oxygen (air saturated media). β-carotene has a maximum absorption at 470 
nm and upon concentration reduction the colour fades. Concentration reduction of β-
carotene is observed after depletion of the antioxidant that is being used for the 
inhibition of lipid oxidation.  
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Figure 1.3 – Principle of the β-carotene linoleic acid system (BCLAS) assay. 
 
Electron transfer assays measure the antioxidant’s reducing capacity and hydrogen atom 
transfer assays quantify hydrogen atom donating capacity. However, both electron 
transfer and hydrogen atom transfer assays measure the radical (or oxidant) scavenging 
capacity. This rough division is often questioned, and some reports revealed that some 
assays can use both reactions such is the case of DPPH assay (Huang et al., 2005). 
 
Phenolic compounds 
Phenolic compounds are a heterogeneous group of secondary metabolites found in 
nature in all families of plants. They are characterised by at least one aromatic ring (C6) 
bearing one or more hydroxyl groups, some structures can also contain carboxylic acids 
Initiation
Propagation
Inhibition
OH
O
H3C(H2C)3H2C
Linoleic acid
R
H + OH
H2O
R
O2
R
OO
R
H+
unsaturated lipid
LH
lipid peroxyl radicallipid radical
L LHLOO
R
OOH
lipid peroxide
LOOH
LOO + AH LOOH + A
CH3 CH3 CH3
CH3 CH3
H3C
CH3
CH3
CH3
!-carotene, "max = 470 nm
Introduction 	  
	   12	  
and glycosides and others can be very complex. Phenolic compounds are biosynthesised 
by several different routes, which explains the variety of compounds in the group, but 
there are two main pathways for their synthesis: shikimic acid and malonic acid 
pathways. The first pathway is predominant in the higher plants and the second one in 
fungi and bacteria. These compounds act as signal molecules to interact with the 
environment and play an important role in the defense mechanism of the plant. Their 
synthesis is highly stimulated when the plant is under stress conditions, such as 
temperature alterations, UV exposure, herbivore and pathogenic attacks (Rupasinghe, 
2008).  
Phenolic compounds can act as antioxidants by donating hydrogen to highly reactive 
radicals, thereby preventing further radical formation (Rice-Evans et al., 1996). 
Phenolic compounds such as quercetin and ellagic acid (Fig. 1.4) are good antioxidants 
that are able to protect body cells from injuries caused by reactive oxygen and nitrogen 
species. The antioxidant potential of phenolic compounds is dependent on the number 
and arrangement of the hydroxyl groups and the extent of structural conjugation, as well 
as the presence of electron-donating and electron-withdrawing substituents in the ring 
structure (Miller & Rice-Evans, 1997; Rice-Evans et al., 1996; Sroka & Cisowski, 
2003).  
 
 
 
 
 
 
 
 
 
 
Figure 1.4 – Chemical structure of (a) quercetin and (b) ellagic acid. 
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Procyanidins, also named as condensed tannins, are a complex family of polyphenol 
polymers made of monomeric flavan-3-ol units (catechin and/or epicatechin), which 
have a 3,4-dihydroxy substitution on the catechol unit on the aromatic B-ring. The 
monomeric units are linked by an inter-flavan linkage, established between the carbon 
C4 of the upper unit and the carbon C8 or C6 of the lower unit (Fig. 1.5). Procyanidins 
are powerful antioxidant agents since the oxidised forms acquire additional stabilisation 
due to the extensive electron delocalisation induced by the B-ring (Porto et al., 2003).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 – Chemical structure of procyanidins. 
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Phenolic compounds have been studied intensively in recent decades and several reports 
were published on the relation of these compounds and the oxidative stress related 
diseases due to their antioxidant capacity. However, till nowadays EFSA (European 
Food Safety Authority) approved only the dietary evidence claimed of protection of 
low-density lipoprotein (LDL) particles from oxidative damage (EFSA Panel on 
Dietetic Products, 2011b) for hydroxytirosol (oleuropein complex) from olive oil. 
The main sources of phenolic compounds are fruits and vegetables and other sources 
such as grains, herbs and spices. By-products, which remain after processing of fruit 
and vegetable in food processing industries, still contain a substantial amount of 
phenolic compounds as potential sources of antioxidants (Moure et al., 2001). 
 
Measuring the phenolic content of natural products 
Phenolic compounds in nature range from structures that are very lipophilic to those that 
are water-soluble (Rupasinghe, 2008). Phenolic compounds most be extracted from 
their natural source with organic solvents or aqueous solutions of different polarity. Is 
common to use fractionation methods starting with polar solvents to less polar solvents, 
and several phenolic mixtures from the same source are obtained. In some cases, 
phenolic compounds bind to other components such as carbohydrates and proteins 
which requires an acidic, alkaline or an enzymatic hydrolysis before extraction with 
solvents (Khoddami et al., 2013).  
The phenolic content of the mixtures obtained after extraction is usually measured, in a 
first approach, by a rough method named total phenolic content (TPC), which is also 
known as total phenols assay by Folin-Ciocalteu reagent. This spectrophotometric assay 
is included in the electron transfer based assays that measures the antioxidant’s reducing 
capacity of the mixture being analysed (Huang et al., 2005). Total flavonoids (TFC), 
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proanthocyanidins (PAC) and anthocyanins content can also be estimated by specific 
colorimetric methods, however these simple and economical methods are not accurate 
and do not quantify phenolics individually. They can be useful for a quick screening of 
numerous of samples for comparison and preliminary decisions purposes but not for 
accurate quantification (Khoddami et al., 2013). 
The following accurate analysis includes the separation of the compounds by gas 
chromatography (GC) or high performance liquid chromatography (HPLC). However, 
GC methods often require derivatisation of phenolic compounds to assure volatilisation 
of compounds, which turns to be very hard working and time consuming and thus 
HPLC is the method often used. In general, purified phenolics are applied to an HPLC 
instrument using a reversed phase C18 column (RP-C18) and polar acidified organic 
solvents. The purification stage removes the interfering compounds from the crude 
extract with partitionable solvents using open column chromatography or an adsorption-
desorption process. Solid-phase extraction (SPE) is the most used for purification and 
partial concentration prior to separation using HPLC (Khoddami et al., 2013).  
The detector coupled to the HPLC allows the identification of the compounds and the 
most used are diode array detection (DAD), mass spectrometry (MS), DAD coupled 
with MS and more recently tandem mass spectrometry (MS/MS) (Khoddami et al., 
2013; Lorrain et al., 2013). DAD performs spectroscopic scanning and precise 
absorbance readings at a variety of wavelengths while the peak is passing through the 
cell, it allows the selection of the best wavelength and clarifies about the purity of the 
peak. DAD has been often used because of the natural absorbance of phenolic 
compounds in the UV-vis region, for example flavanols show two bands at 210 nm and 
278 nm and anthocyanins at 265–275 nm and 465–560 nm regions. The detection and 
quantification of these compounds is currently done at 280 nm for flavanols and 
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between 520 nm and 546 nm for anthocyanins.  However, standards need to be injected 
for a correct identification of the compounds and there are no standards available to all 
the phenolics. This drawback is overlapped with MS because structural information of 
phenolic compounds is obtained, identification is achieved based on the m/z ratio, 
retention time and fragmentation pattern. Therefore standards are no longer essential for 
identification, however if the standard is available it should be injected to confirm the 
MS identification. MS/MS introduce very useful tools to study the phenolic structures 
allowing a quick and better identification. Nuclear magnetic resonance (NMR) is also 
used for detection of purified and isolated compounds and more recently has been 
coupled to HPLC (Lorrain et al., 2013). 
 
1.1.1.2 Dietary fibre 
 
Dietary fibre by definition “is the edible part of plants or analogous carbohydrates that 
are resistant to digestion and absorption in the human small intestine with complete or 
partial fermentation in the large intestine. Dietary fibre includes polysaccharides, 
oligosaccharides, lignin, and associated plant substances and they promote beneficial 
physiological effects including laxation, and/or blood cholesterol attenuation, and/or 
blood glucose attenuation” (AACC report, 2001).  
Dietary fibre is often determined as total dietary fibre (TDF), which is the sum of water-
soluble fibre (pectins, gums) and water-insoluble fibre (cellulose, lignin, 
hemicelluloses) also known as soluble and insoluble fibre. Dietary fibre exerts a 
buffering effect and binds excess hydrochloric acid in the stomach, increases the faecal 
bulk and stimulates intestinal peristalsis, as well as providing a favourable environment 
for the growth of the desired intestinal flora. In the digestive tract the dietary fibre 
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components bind a number of substances, including cholesterol and gastric juices. Due 
to these properties dietary fibre is a potential source of prebiotics and has an important 
role in both prevention and treatment of cardiovascular diseases, diabetes, colorectal 
cancer and obesity (Nawirska & Kwasniewska, 2005).  
 
Cereals 
Cereals are rich in fibre, which includes a range of complex non-digestible 
carbohydrates. Cereals contain water-soluble fibre such as, β-glucans and water-
extractable arabinoxylans (WEAX), water-insoluble fibre such as lignin, cellulose, 
hemicelluloses and water-un-extractable arabinoxylans (WUAX) and also resistant 
starch (Charalampopoulos et al., 2002; Figueroa-González et al., 2011). The content of 
dietary fibre and the distribution of the soluble and insoluble fibres are different among 
the grains, as well as the grain origin and the variety of the grain (Table 1.1).  
 
Table 1.1 – Range content (dry weight basis %) of dietary fibre, β-glucans, WEAX, 
lignin and WUAX in rye, barley, oat and wheat. 
 
 TDF  Soluble fibre  Insoluble fibre 
   β-glucans WEAX  lignin WUAX 
    flour bran   flour bran 
Rye 20 – 25  1.7 – 2.0 1.0 – 1.5 1.0 – 1.5  2.0 – 2.9 1.9 – 2.9 11 – 13 
Barley 15 – 24  3.7 – 6.5 0.2 – 0.4 0.2 – 0.4  3.3 – 4.7 1.3 – 2.0 5 – 10 
Oat 11 – 23  4.5 – 5.6 0.2 0.2  2.6 – 5.9 0.8 – 1.1 4 – 13 
Wheat 10 – 15  0.3 – 0.7 0.2 – 0.6 0.3 – 0.5  2.1 – 2.6 1.4 – 1.6 9 – 18 
Source: (Andersson et al., 2008; Gebruers et al., 2008; Nyström et al., 2008; Shewry et al., 2008) 
 
Rye presents the highest values of dietary fibre followed by barley, oat and wheat. 
WUAX are the most predominant fibre in all grain cereals with wheat having the 
highest content, followed by rye, barley and oat. WEAX are present in residual amount 
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in all grains, with rye having the highest content. β-glucans and lignin in barley and oat 
are present in higher amounts than in rye and wheat. 
 
Arabinoxylans 
Arabinoxylans (AX), predominant in cereal grains, are classified as hemicelluloses and 
are the primary component of the walls that surround plant cells in the starchy 
endosperm (Hopkins et al., 2003). The structure of AX contains a backbone of β-D-
(1è4)-linked-xylopyranosyl residues to which α-L-arabinofuranose units are linked as 
side chains and some can be substituted with monomeric or dimeric ferulic acid (Fig. 
1.6). The side chains linkage can be at O-2, O-3 or both O-2 and O-3 of the D-
xylopyranosyl residues (Grootaert et al., 2007; Hopkins et al., 2003).  
 
 
 
 
 
 
 
 
 
Figure 1.6 – Chemical structure of arabinoxylan and the site of activity of the different 
AX degrading enzymes (Grootaert et al., 2007). 
 
The degree of substitution and distribution of side chains will vary according to AX 
origin and method of extraction, however these are important factors in determining 
their physicochemical properties (Grootaert et al., 2007). The AX reported for wheat 
(Kobayashi et al., 1998; Flint, Zhang,&Martin, 2005; Ruller,
Rosa, Faca, Greene, & Ward, 2006). Given the limited infor-
mation about constitutive xylanases in the human gut, it is
therefore probably more important to consider induction of
the degrading enzymes in intestinal bacteria. Apart from
this, the presence of glucose as such represses the production
of AX degrading enzymes (Kulkarni, Shendye, & Rao,
1999).
When considering AX degradation outside the gut, xyla-
nase induction is a complex phenomenon and the level of
response to an individual inducer varies with the organism
or species. Only short carbohydrate fragments are actively in-
volved in the regulation of the xylanase biosynthesis, because
the xylan molecule is too large to be directly transported into
the cell. These fragments include xylose, xylobiose, xylo-
oligosaccharides and disaccharides containing both xylose
and glucose. When xylan is present in the environment, con-
stitutive xylanases degrade xylan to XOS and xylobiose. The
b-xylosidases, which may be produced either constitutively
or by induction, can convert xylobiose to xylose and may
subsequently transglycosylate it to xylose-b-(1,2)-xylose
and glucose-b-(1,2)-xylose. These compounds are taken up
by the cell and act as additional inducers of genes encoding
xylanolytic enzymes (Thomson, 1993).
Besides enzyme induction, catabolite repression by glu-
cose is also a common phenomenon that influences xyla-
nase biosynthesis. The catabolite repression of xylanase
genes is controlled at two levels, namely the repression of
gene transcription of the xylanase genes and by repression
of the transcriptional activator (Mach, Strauss, Zeilinger,
Schlinder, & Kubicek, 1996).
Some examples of this mechanism are presented below.
In clostridia, many catabolic enzyme and transport systems
are induced by the substrate and repressed in presence of
a rapidly metabolized substrate such as glucose (Lee, Fors-
berg, & Gibbins, 1985; Mitchell, Albasheri, & Yazdanian,
1995). Human colon bacteroides can also control the
metabolism of polymeric carbon sources in a variety of
ways. Firstly, they can regulate the synthesis of enzymes in-
volved in the initial hydrolysis of the substrate such as
polysaccharidases and glycosidases, or proteins involved
in the transport of the carbohydrate into the cells, through
catabolite repression (Paigen & Williams, 1970). Secondly,
other more rapid control mechanisms may be operational
such as those involved in catabolite inhibition, which regu-
late the activities of the existing enzymes and transport sys-
tems (McGinnis & Paigen, 1969).
Arabinofuranosidases can be induced by xylose, xylo-
biose and XOS. The arabinofuranosidase activity in Butyri-
vibrio fibrisolvens does not increase with growth on
arabinose but does so with growth on xylose or xylans with-
out arabinose. Xylosidase activity is also low with growth
on xylose, suggesting that xylobiose or other XOS are prob-
ably the inducers (Hespell & Cotta, 1995).
The inducibility and catabolic repression of the AX de-
grading enzymes make it possible to bring a part of the car-
bohydrate fermentation towards the more distal part of the
colon. In the human gut, the carbohydrate fermentation pre-
dominantly occurs in the proximal part of the colon, result-
ing in the production of short chain fatty acids and a lower
pH. Consequently, a beneficial gut environment is created,
where the risk on colon cancer and infection may be
reduced. In contrast, a more carcinogenic environment is
created in the distal part of the colon due to protein degra-
dation and the formation of ammonia, polyamines, poly-
phenols and other metabolites. AX and AXOS seem to be
the perfect candidates to bring the carbohydrate fermenta-
tion to the more distal part of the colon, because glucose,
a degradation product of, for instance, starch, may well
repress the AX and AXOS degrading enzymes in the first
part of the colon. Hence, we believe that this shift towards
more carbohydrate fermentation in the distal colon may
well decrease the risk of colon cancer.
Intestinal bacteria
An important issue in the evaluation of the prebiotic ef-
fect of AXOS is whether or not they can stimulate the
health promoting bacteria and diminish the growth of dele-
terious microorganisms. In this context, it is interesting to
give an overview of the most important groups of intestinal
Figure 1. Chemical structure of AX and the site of activity of the different AX degrading enzymes.
66 C. Grootaert et al. / Trends in Food Science & Technology 18 (2007) 64e71
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were less substituted than the ones reported for barley, rice, rye and corn (Grootaert et 
al., 2007; Rose et al., 2009; Saeed et al., 2011). WEAX were reported in barley to have 
a higher degree of polymerisation (DP) than WUAX (Dervilly et al., 2002).  
 
Health benefits of arabinoxylans 
In vitro and in vivo AX fermentation by human intestinal bacteria promotes the growth 
of some of the good bacteria such as Bifidobacterium and Lactobacillus (Cloetens et al., 
2010; Grootaert et al., 2007; Van den Abbeele et al., 2011; Vardakou et al., 2008) and 
the decrease of pathogens like Clostridium (Van den Abbeele et al., 2011). These 
intestinal bacteria possess/produce AX-degrading enzymes such as endo-1,4-β-
xylanase, β-xylosidase, α-L-arabinofuranosidase, feruloyl esterase and arabinoxylan-
arabinofuranohydrolase-D3, with a wide range of actions (Fig. 1.6) on AX, thus making 
it possible for the bacteria to make use of the resultant sugar units for their growth 
(Grootaert et al., 2007). The prebiotic index values reported were comparable or even 
higher than other well-established prebiotics such as inulin and FOS (Grootaert et al., 
2007; Napolitano et al., 2009; Vardakou et al., 2008). Simultaneously, the formation of 
bacterial metabolites such as the increase of propionic acid may result in a cholesterol 
lowering effect (Grootaert et al., 2007) and help to prevent type II diabetes by 
decreasing postprandial glucose levels and insulin response (Neyrinck et al., 2011; Van 
den Abbeele et al., 2011). Despite the mechanisms of action are not yet well 
understood, EFSA approved the scientific evidence that the consumption of AX 
produced from wheat endosperm contributes to a reduction of the glucose rise after a 
meal (EFSA Panel on Dietetic Products, 2011a). 
The prebiotic properties of AX have a straight relation to the AX structure (Grootaert et 
al., 2007; Vardakou et al., 2008), as the fermentation of AX in the colon was influenced 
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by their molecular mass (Hughes et al., 2007) and their degree of substitution (Pastell et 
al., 2009; Rose et al., 2009). Low-molecular weight AX have increased selectivity 
towards bifidobacteria genus (Hughes et al., 2007) and less branched structures were 
preferred as substrates for intestinal microbiota (Pastell et al., 2009; Rose et al., 2009). 
However, high DP AX were also correlated with high prebiotic activity (Neyrinck et al., 
2011; Van den Abbeele et al., 2011) and were related with the highest 
immunostimulating activity (Monobe et al., 2008). 
 
Measuring non-starch polysaccharides in foods 
Non-starch polysaccharides, such as AX, can be measured in foods converting the 
polysaccharide into their monosaccharide constituent units by acid or enzymatic 
hydrolysis. Followed by detection and quantification of the monosaccharide units, that 
is commonly performed by gas chromatography with flame ionisation detection (GC-
FID) or high-pressure liquid chromatography with refractive index detection (HPLC-RI) 
(Birch, 1985). The polysaccharides can be hydrolysed directly in the food matrix or in 
the isolated polysaccharide after extraction from the food matrix usually with alkali or 
enzymatic solutions. The use of GC-FID or HPLC-RI for determination of the 
monosaccharide units will depend on the sample to be analysed, especially concerned to 
the sample matrix and levels of concentration expected. 
GC-FID implies a derivatisation of the monosaccharide units into their alditol acetates 
in order to assure volatilisation of the sugar units. This derivatisation includes reduction, 
using an anomeric carbon reduction with sodium boro-hydride, and a subsequent 
acetylation, with acetic anhydride using methylimidazol or pyridine as catalysts. A 
liquid-liquid extraction follows the derivatisation to assure no water and other polar 
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compounds are present in the sample. The detection limit of this technique is about 0.1 
µg of carbohydrate (Birch, 1985; Coimbra et al., 1996; Selvendran et al., 1979).  
HPLC-RI is often used when the sample is liquid, derivatisation in this case is not 
necessary however a clean up procedure is required to remove the interferents that 
otherwise will affect the detection and quantification of the peaks. The choice of the 
clean up procedure depends on the complexity of the food matrix, extraction solvent 
and concentration of sugars present in relation to potential interfering compounds. The 
most common clean up procedures are: solvent precipitation, clearing agents, ion-
exchange chromatography, Sep-Pak cartridges, guard columns and column switching. 
The RI detector being dependent of the density of a liquid, change dramatically with 
temperature, pressure, composition and level of dissolved air, which means that the 
detector must be carefully thermostated, solvent delivery must be continuous, gradient 
elution is not possible and solvent must be degassed. Also, RI is not very sensitive 
(detection limit of about 10 µg), sometimes is quite difficult to obtain the adequate 
concentration containing an acceptable low level of interfering compounds (Birch, 
1985).  
The nature of the glycosidic bonds in a polysaccharide may be determined by 
methylation prior to acid hydrolysis, followed by derivatisation into alditol acetates, in 
this case methylated alditol acetates. The free hydroxyl groups will be present as methyl 
ethers whilst the hydroxyl groups formerly involved in bonding will then be converted 
to acetyl esters. These derivatives are then characterised by gas chromatography 
coupled to mass spectrometry (GC-MS) (Birch, 1985; Coelho et al., 2011). 
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1.1.1.3 Probiotics and prebiotics 
 
The most important fraction of the overall market for functional foods is probiotics and 
prebiotics. They have been the fundamental ingredients of fermented milks and yogurts 
(Figueroa-González et al., 2011). The relationship between the consumption of 
fermented dairy products and good health and longevity in humans marked the 
beginning of probiotics. Further, several studies reported benefits resulting from the 
consumption of products containing lactic acid bacteria (LAB) and showed that certain 
LAB have additional, unique properties that may have an effect on the functioning of 
the human organism (Sip & Grajek, 2010). The current definition of probiotic is non-
pathogenic microorganisms, mostly of human origin, which confer a health benefit on 
the host and enable the prevention or improvement in some diseases when administered 
in adequate amounts (Figueroa-González et al., 2011). The most thoroughly 
investigated probiotics include bacteria from the genus Lactobacillus (L. acidophilus, L. 
casei, L. fermentum, L. johnsonii, L. reuterii, L. rhamnosus, L. paracasei, L. 
plantarum), Bifidobacterium (B. adolescentis, B. bifidus, B. breve, B. infantis, B. lactis) 
and the yeast Saccharomyces cerevisiae boulardii (Figueroa-González et al., 2011; Sip 
& Grajek, 2010) and each of these bacterial strains and yeast have a specific effect on 
human health. One of the most studied strains and already introduced in the market in a 
wide range of products is L. casei Defensis DN 114001 (Danone), with health benefits 
such as shortening the diarrheal phase in children with rotavirus infection, treatment and 
prevention of gastrointestinal infections, maintenance of constant urease activity and 
stimulation of the immune system. Another strain from the Bifidobacterium genus, also 
already in the market, is B. animalis DN 173010 (Danone) with documented clinical 
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trials of symptoms alleviation of atopic eczema in infants with milk hypersensitivity and 
reduction of the duration of increased stool output in children with diarrheal illnesses 
(Sip & Grajek, 2010). 
Preserving balance in intestinal microflora may be achieved either by consumption of 
products containing probiotic bacteria or products containing nutrients that stimulate the 
growth of probiotic bacteria. This second option is referred to the prebiotics. The recent 
definition of prebiotic is a selectively fermented ingredient that allows specific changes 
in the composition and/or activity of the gastrointestinal microflora conferring benefits 
upon the host wellbeing and health (Figueroa-González et al., 2011). 
Classification of a food component as a prebiotic requires the fulfilment of three 
criteria, which are: i) resistance to digestion; ii) fermentation by the large intestinal 
bacteria; and iii) selective effect on the gastrointestinal microbial populations with 
health promoting properties (Cloetens et al., 2010; Figueroa-González et al., 2011). 
Therefore, in order to be effective, prebiotics need to reach the large bowel with their 
chemical structure and properties essentially unchanged to further selectively stimulate 
the microflora. This has been confirmed specially in relation to bifidobacteria (Sip & 
Grajek, 2010). 
The prebiotics are usually carbohydrates not susceptible to degradation by gastric acid, 
gastrointestinal enzymes and absorption in the small bowel and are usually referred to 
as non-digestible carbohydrates. This group of non-digestible carbohydrates is usually 
composed of non-starch polysaccharides (DP >10), non-digestible oligosaccharides (DP 
3-10) and resistant starch (Voragen, 1998). The main candidates for prebiotic status 
reported in the literature are inulin (DP 2-65), fructo-oligosaccharides (DP 2-10), 
galacto-oligosaccharides (DP 2-5), soya-oligosaccharides (DP 3-4), xylo-
oligosaccharides (DP 2-4), isomalto-oligosaccharides (DP 2-8) and pyrodextrins 
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(various DP) (Figueroa-González et al., 2011; Sip & Grajek, 2010). These non-starch 
polysaccharides and non-digestible oligosaccharides reach the large intestine and the 
caecum, where they constitute a medium for bifidobacteria, and are fermented into short 
chain fatty acids (SCFA). These acids especially butyrate, acetate and propionate 
provide metabolic energy for the host and acidification of the bowel, which is 
considered a major beneficial feature related to the primary prevention of colorectal 
cancer (Charalampopoulos et al., 2002; Holzapfel & Schillinger, 2002).  
The most widely studied prebiotics are inulin and fructo-oligosaccharides (FOS), 
obtained by enzymatic hydrolysis of inulin. They strongly stimulate the growth of 
bifidobacteria, while they inhibit growth of Clostridium, Fusobacterium, Salmonella 
and Escherichia species (Sip & Grajek, 2010). However, the increasing interest in 
obtaining prebiotic carbohydrates with improved properties, such as promoting the 
growth of specific bacteria in the distal regions of the colon, initiated the study of new 
potential candidates for slowly fermentable prebiotics (Grootaert et al., 2007). One of 
the potential candidates are AX due to their complex branched structures which require 
several enzymes to degrade them (Fig. 1.6) and consequently delay their fermentation 
(Grootaert et al., 2007).  
These non-digestible carbohydrates are usually obtained by extraction from plant 
materials, microbial/enzymatic synthesis or enzymatic hydrolysis of polysaccharides. 
Despite enzymatic processes being relatively in-expensive and mainly utilising cheap 
raw materials, production turns out to be costly due to the very low yields obtained, in 
addition to purification and synthesis costs (Figueroa-González et al., 2011). The use of 
novel techniques and novel economical sources for prebiotic production is a future 
challenge. 
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Measuring prebiotic potential 
For the measurement of the prebiotic potential of a food component it is necessary to 
confirm the three requirements: (1) resistance to digestion, (2) fermentation by the large 
intestinal bacteria and (3) selective effect on the gastrointestinal microbial populations 
with health promoting properties. 
The resistance of the food component to digestion may be study by an enzymatic 
method that simulates digestion (Lebet et al., 1998). The second requirement and third 
requirement needs the performance of an in vitro faecal fermentation or in vivo studies. 
In vitro fermentation is performed commonly in anaerobic batch cultures inoculated 
with slurry of human faeces. There are other multi-stage models reported of in vitro 
fermentation namely, the three-stage gut model and the simulator of the human 
intestinal microbial ecosystem model. These models are designed to mimic the different 
segments of the intestine and are very useful in localising the site of the selective 
stimulation of bacterial growth (Roberfroid et al., 2010). 
The consumption of the food component is monitored during time as well as the 
generation of the products resultant from its fermentation (SCFA), which confirms the 
second requirement of a prebiotic (Roberfroid et al., 2010). The selective effect on 
intestinal bacterial populations with health properties is determined by molecular 
methods of bacterial identification, such as fluorescent in situ hybridisation (FISH) 
assays or by quantitative real-time polymerase chain reaction (qPCR) assays. FISH is 
the most often used molecular procedure, involves the use of group specific 
oligonucleotide probes that target specific regions of the 16S rRNA gene. Real-time 
qPCR involves DNA extraction and amplification with polymerase chain reaction, 
using primers specifically targeting 16S rRNA gene. These DNA-based methods are 
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independent of the culturability of the target species and are less strongly affected by 
sample storage conditions, and are therefore more advantageous than the plate counting 
methods used in the past. FISH has the advantage over real-time qPCR not to be 
influenced by differences in DNA extraction efficiency, as no DNA extraction is 
required for FISH. FISH is somewhat less sensitive than real-time qPCR, which is only 
relevant for enumerating species with low abundance (Broekaert et al., 2011; 
Roberfroid, 2007).  
The in vitro fermentation models are only indicative of a potential prebiotic effect, 
however, they do not prove the prebiotic attribute of the food component as in vivo 
studies need to be performed to definitively demonstrate that the compound under 
investigation selectively stimulates the growth and/or activity of one or a limited 
number of microbial genus/species in the gut microbiota that confers health benefits to 
the host (Roberfroid et al., 2010). 
In vivo studies may be done in animals fed with the substrate (compound under 
investigation), faeces and blood are collected for analysis and if the animals are 
anesthetised and killed at predetermined time intervals, gastrointestinal segments and 
other tissues are collected for analysis too (Neyrinck et al., 2011; Roberfroid, 2007). In 
some in vivo models with animals, previous to feeding the animals are inoculated with 
human faecal microbiota (Roberfroid, 2007; Van den Abbeele et al., 2011). In vivo 
studies also include human subjects fed with the substrate, and two major approaches 
are used. The first is indirect and collects breath air at regular time intervals to measure 
the concentration of gases, essentially hydrogen. The other approach consists of 
collecting faeces, urine and blood samples for analysis (Cloetens et al., 2010; 
Roberfroid, 2007). 
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1.1.1.4 Low glycaemic index (GI) foods 
 
The glycaemic index (GI) is the concept used to classify foods on the basis of their 
postprandial blood glucose response (Goñi et al., 1997). Foods with low GI are those 
slowly digested and absorbed, resulting in gradual rise in blood glucose and insulin 
levels. High GI foods are the ones rapidly digested and absorbed resulting in marked 
fluctuations in blood glucose levels and greater insulin demand (Augustin et al., 2002).  
A low glycaemic response is considered beneficial from a nutritional point of view, for 
weight control and good health for healthy subjects but especially for individuals 
suffering from impaired glucose tolerance. There is increasing evidence that a low GI 
diet provides potential beneficial health effects by improving glucose and lipid levels in 
people with diabetes (Type 1 and 2), also reducing insulin levels and insulin resistance 
(Foster-Powell et al., 2002; Frei et al., 2003).  
The range of foods with a low GI is limited to legumes, pasta and whole grain cereals 
and efforts are being made to diversify these foods, especially in starch-based foods, 
using different strategies for the purpose. The first strategies used were (1) modification 
of the starch microenvironment to limit its accessibility to amylase and (2) modification 
of the crystalline organisation of starch to generate resistant starch (Hoebler et al., 
1999). Recently, the reduction in the GI of starch-based foods has been obtained with 
the use of fibres (Brennan & Tudorica, 2008; Chillo et al., 2011; Foster-Powell et al., 
2002; Leoro et al., 2010; Shirani & Ganesharanee, 2009; Zabidi & Aziz, 2009). 
The inclusion of dietary fibre in the production of pasta demonstrated that dietary fibre 
reduce the GI of an already low GI food by up to 40 % (Brennan & Tudorica, 2008). 
Fenugreek polysaccharide can be incorporated into chickpea-rice based extruded 
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products with decrease in GI, in an acceptable range of up to 15 % (Shirani & 
Ganesharanee, 2009).  The GI of wheat bread decreases 16 % with incorporation of up 
to 30 % of chempedak seed flour into the wheat flour (Zabidi & Aziz, 2009). An 
extruded breakfast cereal was formulated with corn flour and passion fruit fibre and the 
GI obtained was 50 % less than the GI for white bread (Leoro et al., 2010). Spaghetti 
was formulated with semolina and addition of up to 10 % of β-glucan barley 
concentrate (Barley balance™) with demonstrated reduction in the GI value (Chillo et 
al., 2011). 
 
Measuring GI in foods 
GI value is used to estimate the blood glucose response after ingestion of a food. GI 
relates the response of a test food to that of a reference food, usually fresh white bread. 
Starch in fresh white bread is rapidly digested and absorbed, producing high glycaemic 
responses. The GI is usually obtained by dividing the incremental postprandial blood 
glucose production by the corresponding production after ingestion of an equivalent 
carbohydrate portion of the reference food (Frei et al., 2003; Goñi et al., 1997; Scazzina 
et al., 2009).  
Studies of postprandial glucose demand several subjects during a long period of time, 
are laborious and the facilities necessary for this kind of study are not always present in 
food research laboratories. Thus, an in vitro methodology to estimate the glycaemic 
response emerged to overcome these problems. This method is based on the evidences 
of strong correlations between the in vivo GI values of many foods and in vitro starch 
digestion (Goñi et al., 1997; Ross et al., 1987). The in vivo situation of carbohydrate 
digestion is simulated by an in vitro starch hydrolysis method, which consists in a 
multi-enzymatic method that involves simulated mastication, a proteolytic stage 
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(pepsin) and incubation with pancreatic α-amilase restricted or not by dialysis tubing. 
This procedure allows the calculation of the hydrolysis index (HI) that later is used in a 
mathematical first-order equation that predicts the metabolic glycaemic response, that is 
the GI value (Goñi et al., 1997; Scazzina et al., 2009).  
 
1.1.2 Cider and brewing Industry by-products  
 
The cider and brewing industries produce large amounts (half million tonnes-EU) of by-
products that represent a serious environmental problem. The main by-products of cider 
and brewing processing are apple pomace (AP) and brewer’s spent grain (BSG), 
respectively. 
Commonly these by-products are disposed directly to soil, in landfill or used as an 
animal feed which is not sufficient to drain the several tonnes produced per year. 
Several studies reported the potential uses of these by-products since they represent 
valuable natural resources due to their chemical composition (Mussatto et al., 2006; 
Vendruscolo et al., 2008). 
 
1.1.2.1 Apple pomace 
 
AP is a heterogeneous mixture consisting of peel, core, seed, calyx, stem and soft tissue. 
The composition of AP varies according to the apple variety used, agriculture practices, 
fruit maturity and the extraction process used to make the ciders (Kennedy et al., 1999) 
and particularly on how many times the fruits are pressed (Vendruscolo et al., 2008). 
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Chemical characterisation 
AP is composed mainly of carbohydrates and dietary fibre (TDF), small amounts of 
protein, fat and ash as can be seen in Table 1.2. Total carbohydrates are mainly sugars 
and some starch. The sugar residues found in AP are mainly fructose and glucose 
followed by arabinose, xylose, mannose, galactose and rhamnose (Bhushan et al., 
2008).  
 
Table 1.2 – Reported range of AP chemical composition (% in dry weight basis). 
 
Ash 0.5-6.2 
Fat 1.0-4.7 
Protein 1.9-6.3 
TDF 15-51 
Total carbohydrates 46-71 
Sugars 37-56 
Starch 14-17 
Source: (Carson et al., 1994; Hwang et al., 1998a; Hwang et al., 1998b; Joshi & Sandhu, 1996; Sudha et 
al., 2007; Wang & Thomas, 1989) 
 
The high moisture content (> 70 %) limits the storage time of this by-product (Kennedy 
et al., 1999), which needs to be dried for longer storage. However, the drying process 
changes the chemical composition of AP with an impact on the content of dietary fibre 
and total sugars depending on the different drying processes (Wang & Thomas, 1989).  
 
Dietary fibre from AP 
AP contains about 10-30 % of soluble and 70-90 % of insoluble fibre relative to total 
dietary fibre (Carson et al., 1994; Masoodi & Chauhan, 1998; Nawirska & 
Kwasniewska, 2005; Sudha et al., 2007). Soluble fibre is composed only of pectin while 
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insoluble fibre is composed of cellulose (50%), hemicelluloses (27%) and lignin (23%) 
(Nawirska & Kwasniewska, 2005). AP dietary fibre is related to hypercholesterolemic 
and hypolipidemic properties (Leontowicz et al., 2001). AP pectin was thoroughly 
investigated due to its interesting and useful food applications. Hemicelluloses in AP 
are of particular interest and more recent studies are focused on their extraction, 
optimisation and characterisation. One interesting finding is the presence of 
fucogalactoxyloglucans in AP with good foam stabilising properties after alkaline 
extraction but with very low yields (Renard et al., 1995). Later, an ultrasound-assisted 
extraction of this xyloglucan increased the yields and time of extraction (Caili et al., 
2006). However no further studies were reported with this xyloglucan. 
 
Phenolic compounds from AP 
Apples are a good source of phenolic compounds and after pressing the phenolic 
compounds remain in the pomace. The phenolic compounds present in AP are mainly 
phenolic acids and flavonoids as can be seen in Table 1.3, which shows the phenolic 
compounds identified in AP from different studies. Some of those compounds are 
represented in Fig. 1.7. The identification of phenolic compounds depends on the type 
of extract analysed and the technique used for the separation and identification.  
Most of the studies used 70% acetone or 80% methanol to extract the phenolic 
compounds from AP (Cetkovic et al., 2008; Diñeiro García et al., 2009; Foo & Lu, 
1999; Lu & Foo, 1997; Lu & Foo, 2000; Suárez et al., 2010). One study recovered 
phenolic compounds with 100% methanol in an adsorption column after separation of 
the pectins (Schieber et al., 2003) and another used a solvent fractionation extraction 
with ethyl acetate and dichloromethane (Sanchez-Rabaneda et al., 2004).  
 
	  	  
Table 1.3 – Identified phenolic compounds and their range content in AP from different studies. (A70%- 70% acetone; AM- adsorption with 
methanol; M80%- 80% methanol; SFE- solvent fractionation extraction; W- water). 
Compound MW Reference identification Type of extract µg/g 
PHENOLIC ACIDS      
Hydroxycinnamic acids      
p-Coumaric acid 164 e LC-DAD AM 1 
Caffeic acid 180 a, f, g, h NMR; LC-DAD A70%; M80%  280a; 25-87f; 11-25g; 20-72h 
Ferulic acid 194 e LC-DAD AM 0.5 
p-Coumaric acid-O-glucoside 326 d LC-MS/MS SFE  
p-Coumaroylquinic acid 338 d, e, i LC-MS/MS; LC-DAD; LC-DAD/MS SFE; AM; W 2e; 72-182i 
Caffeic acid-O-glucoside 342 d LC-MS/MS SFE  
Chlorogenic acid 354 c, d, e, f, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 
17e; 30-176f; 393-1416g; 166-
171h; 496-923i 
Ferulic acid-O-glucoside 356 d, i LC-MS/MS; LC-DAD/MS SFE; W  
Sinapic acid-O-glucoside 386 d LC-MS/MS SFE  
Dicaffeoylquinic acid 516 d LC-MS/MS SFE  
Hydroxybenzoic acids      
Salicylic acid 138 d LC-MS/MS SFE  
Protocatechuic acid 154 d, g, h, i LC-MS/MS; LC-DAD; LC-DAD/MS SFE; A70%; M80%; W 2-145g; 118-134h 
  
    
FLAVONOIDS      
Flavonols      
Quercetin 302 d, e, i LC-MS/MS; LC-DAD; LC-DAD/MS SFE; AM; W 8e; 64-174i 
Rhamnetin 316 d LC-MS/MS SFE  
Quercetin 3-O-xyloside (reynoutrin) 434 a, d, e, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 530a; 2e; 17-144g; 60-74h 
Quercetin 3-O-arabinoside 434 e LC-DAD AM 1 
Quercetin 3-O-arabinopyranoside (guajaverin) 434 d, i LC-MS/MS; LC-DAD/MS SFE; W  
Quercetin 3-O-arabinofuranoside (avicularin) 434 a, c, d, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; M80%; W 980a; 99-364g; 146-185h 
Quercetin-O-pentoside 434 d LC-MS/MS SFE  
Quercetin-O-hexoside 448 d LC-MS/MS SFE  
Quercetin-3-O-rhamnoside (quercitrin) 448 a, d, e, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 470a; 6e; 69-262g; 106-132h 
Kaempferol-O-glucoside 448 d LC-MS/MS SFE  
Quercetin 3-O-glucoside (isoquercitrin) 464 a, c, d, e, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 870a; 5e 
Quercetin 3-O-galactoside (hyperin) 464 a, d, e, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 1610a; 14e; 175-463g; 213-254h 
a Lu and Foo, 1997; b Foo and Lu, 1999; c Lu and Foo, 2000; d Sanchez-Rabaneda et al., 2004; e Schieber et al., 2003; f Cetkovic et al., 2008; g Diñeiro García et al., 2009; h 
Suárez et al., 2010; i Cam and Aaby, 2010. 
	  	  
Table 1.3 – (continued). 
Compound MW Reference Identification Type of extract µg/g 
FLAVONOIDS      
Flavonols (continued)      
Rhamnetin-3-O-glucoside 478 d LC-MS/MS SFE  
Isorhamnetin-3-O-glucoside 478 i LC-DAD/MS W  
Quercetin-O-xylo-pentoside 580 d LC-MS/MS SFE  
Quercetin-O-pento-hexoside (rumarin) 596 d LC-MS/MS SFE  
Quercetin-3-O-rutinoside (rutin) 610 d, e, f, h, i LC-MS/MS; LC-DAD; LC-DAD/MS SFE; AM; M80%; W 2e; 211-477f; 
Quercetin 3-O-diglucoside 626 d LC-MS/MS SFE  
Flavanols      
Epicatechin 290 a, e, f, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 
640a; 12e; 24-173f; 136-395g; 
88h; 412-739i 
Catechin 290 e, f, i LC-DAD; LC-DAD/MS AM; M80%; W 3e; 17-127f; 93-188i 
Procyanidin dimer B1 578 i LC-DAD/MS W 17e; 18-189i 
Procyanidin dimer B2 578 b, c, e, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 
12e; 329-590g; 66-75h; 430-
1519i 
Procyanidin dimer B5 578 b NMR A70%;   
Procyanidin trimer C1 866 b, c, g, i NMR; LC-DAD; LC-DAD/MS A70%; W  
Procyanidin trimer 866 i LC-DAD/MS W 362-1097 
Procyanidin tetramer D 1154 b, c, g NMR; LC-DAD A70%   
Procyanidin oligomer 1442 b, c NMR A70%   
Procyanidin oligomer 1730 b NMR A70%   
Flavanones      
Naringenin 272 d LC-MS/MS SFE  
Eriodictyol 288 d LC-MS/MS SFE  
Hesperidin-O-pentoside 434 d LC-MS/MS SFE  
Naringenin-O-hexoside 434 d LC-MS/MS SFE  
Naringenin-7-O-glucoside (prunin) 434 d LC-MS/MS SFE  
Naringenin-O-glucuronide  448 d LC-MS/MS SFE  
Eriodictyol-hexoside 451 d LC-MS/MS SFE  
Naringenin-7-O-rutinoside 580 d LC-MS/MS SFE  
Naringenin-7-O-neohesperidoside (naringin) 580 d LC-MS/MS SFE  
a Lu and Foo, 1997; b Foo and Lu, 1999; c Lu and Foo, 2000; d Sanchez-Rabaneda et al., 2004; e Schieber et al., 2003; f Cetkovic et al., 2008; g Diñeiro García et al., 2009; h 
Suárez et al., 2010; i Cam and Aaby, 2010. 
	  	  
 
Table 1.3 – (continued). 	  
Compound MW Reference identification Type of extract µg/g 
FLAVONOIDS      
Flavones      
Apigenin 270 d LC-MS/MS SFE  
Luteolin 286 d LC-MS/MS SFE  
Chrysoeriol 300 d LC-MS/MS SFE  
Luteolin-7-O-glucoside (cynaroside) 448 d LC-MS/MS SFE  
Luteolin-7-O-galactoside 448 d LC-MS/MS SFE  
Dihydrochalcones      
Phloretin 274 e LC-DAD AM 0.6 
Phloretin-2-O-glucoside (phloridzin) 436 a, c, d, e, f, g, h, i NMR; LC-MS/MS; LC-DAD; LC-DAD/MS A70%; SFE; AM; M80%; W 
1420a; 48e; 7-85f; 587-1435g; 
362-380h; 340-999i 
3-Hydroxyphloridzin 452 a, c NMR A70%  270a 
Phloretin 2-O-xylosil-glucoside 568 a, d, e, g, h, i NMR; LC-DAD; LC-DAD/MS A70%; AM; M80%; W 
170a; 10e; 83-996g; 170-171h; 
11-143i 
Anthocyanins      
Cyanidin-3-O-glucoside 450 d LC-MS/MS SFE  
Cyanidin-3-O-galactoside 450 i LC-DAD/MS W  
a Lu and Foo, 1997; b Foo and Lu, 1999; c Lu and Foo, 2000; d Sanchez-Rabaneda et al., 2004; e Schieber et al., 2003; f Cetkovic et al., 2008; g Diñeiro García et al., 2009; h 
Suárez et al., 2010; i Cam and Aaby, 2010. 
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Figure 1.7 – Chemical structure of some phenolic compounds found in AP; (a) 
Chlorogenic acid; (b) Quercetin-3-O-galactoside; (c) Quercetin-3-O-rutinoside; (d) 
Catechin; (e) Procyanidin B2; (f) Luteolin; (g) Phloretin; (h) Phloridzin. 
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One recent study reported the extraction of the phenolic compounds using water as an 
alternative to organic solvents (Cam & Aaby, 2010). The different solvent systems 
described by a number of studies may account for the differences observed in the 
phenolics described. In addition to extraction solvent systems, differences in the 
separation and detection techniques used also contribute to the differences in phenolic 
composition reported. The techniques often used are LC-DAD but with limited 
compounds identified due to the need for the use of standards (not available for all of 
the phenolics) to validate the identification (Cetkovic et al., 2008; Diñeiro García et al., 
2009; Schieber et al., 2003; Suárez et al., 2010). One study reported that coupling MS 
detection to the LC-DAD improved the number of compounds identified (Cam & Aaby, 
2010). The most successful study on the identification of AP phenolic compounds with 
a large number of compounds identified reported the use of the LC-MS/MS technique 
(Sanchez-Rabaneda et al., 2004). The MS/MS technique improved identification 
because by fragmentation of the molecular ion detailed structural information can be 
obtained. Given the contribution of isomeric compounds and similarity of structures the 
identification of phenolic compounds is achieved based on three different parameters 
namely the m/z ratio, the retention time and the fragmentation pattern, enabling 
identification with improved accuracy and the technique is no longer limited by the 
availability of commercial standards. NMR spectroscopy was also used as an 
identification technique but it can only be used for purified compounds isolated from 
the complex phenolic mixtures obtained after extraction (Foo & Lu, 1999; Lu & Foo, 
1997). To date, the main class of AP compounds identified are flavonoids, where 
flavonols are the largest sub-class followed by flavanols, flavanones, flavones, 
dihydrochalcones and anthocyanins. The phenolic acids identified were major 
hydroxycinnamic acids and minor hydroxybenzoic acids. 
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Some of the phenolic compounds identified were correlated with antioxidant capacities 
measured by some different methods (DPPH, hydroxyl and superoxide anion radical 
scavenging activity, FRAP) suggesting that AP was a valuable source of antioxidants. 
High correlations between the antiradical activities, total phenolics, total flavonoids, 
total flavanols and some individual phenolic compounds were reported (Cetkovic et al., 
2008). A model was developed to predict antioxidant activity as a function of the 
phenolic profile. The antioxidant activity measured by DPPH and FRAP assays could 
be predicted on the basis of the presence of phloridzin, procyanidin B2, rutin, 
isoquercetrin, protocatechuic acid and hyperin (Diñeiro García et al., 2009). It was 
found that epicatechin, procyanidin B2, trimer, tetramer and oligomer, quercetin 
glycosides, chlorogenic acid, phloridzin and 3-hydroxyphloridzin showed DPPH 
radical-scavenging activities 2-3 times, and superoxide anion radical-scavenging 
activities 10-30 times, higher than those of vitamins C and E. In the same study it was 
also reported that lower molecular weight procyanidins and quercetin glycosides 
showed excellent antioxidant activity when using DPPH and superoxide anion radical-
scavenging activity assays (Lu & Foo, 2000).  
Beyond the antioxidant properties, it seems that phenolic compounds extracted from AP 
could have other pharmaceutical applications such as inhibiting the virus responsible for 
mild skin vesicular lesions, encephalitis, conjunctivitis, eczema, pneumonia and 
hepatitis which is referred to as Herpes simplex virus types1 (HSV-1) and 2 (HSV-2) 
(Suárez et al., 2010).  
 
Applications 
The most common application of AP is in pectin recovery where it is mainly utilised as 
a gelling agent in jams and jellies, as a stabiliser in fruit juices and milk drinks and also 
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as a source of dietary fibre (Bhushan et al., 2008). In the past two decades studies have 
focused on improvement of pectin extraction using alternative methods to the typical 
conventional acid extraction. It was reported that AP pectin could be extracted with hot 
water after the degradation of cell walls by extrusion (Hwang et al., 1998a). Nowadays, 
studies on AP pectin are focused on it possible use in disease prevention (Kumar & 
Chauhan, 2010) and on the improvement of its antioxidant activity (Rha et al., 2011). 
Additionally, AP can be used as a substrate in a range of bioengineering processes due 
to its high sugar content such as in the production of enzymes, aroma compounds, 
organic acids, biopolymers, edible mushrooms, baker’s yeast, pigments, 
heteropolysaccharides and ethanol (Vendruscolo et al., 2008).  
It was also reported that AP used for ethanol production by fermentation with 
Saccharomyces could be used profitably as an animal feed after ethanol removal. These 
authors found that the remaining dried AP was rich in crude protein (3 fold), fat (1.5-2 
fold) and vitamin C (2 fold) and also in minerals, crude fibre and ash (Joshi & Sandhu, 
1996). 
AP was incorporated in foods especially in baked foods. It was found that 50% AP 
incorporation in bran muffins and 40 % flaked AP in moon cookies were more desirable 
than the controls (Wang & Thomas, 1989). The incorporation of AP in apple pie filling 
and oatmeal cookies in a range of 10-20 % and 30-50 % respectively, were liked 
moderately because the incorporation did not affect colour and sensory panel scores 
(Carson et al., 1994). The incorporation of 5 % AP in wheat bread was acceptable 
despite many changes observed in texture, volume, colour and taste (Masoodi & 
Chauhan, 1998). The use of flavouring ingredients in cake making can be reduced with 
the addition of 25 % of AP, due to the pleasant fruity flavour transferred (Sudha et al., 
2007). 
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The potential applications of AP currently are the recovery of natural antioxidants and 
in the development of functional food due to the presence of phenolic compounds, high 
contents of dietary fibre and its related functional properties (Schieber et al., 2003). 
Fibre concentrates from AP were studied for the development of fibre enriched food 
ingredients. The incorporation of AP fibre concentrate leads to a product with reduced 
calories and high dietary fibre but also could affect its volume and thickening due to 
texture enhancement which might cause some sensory concerns (Figuerola et al., 2005). 
 
1.1.2.2 Brewer’s Spent Grain 
 
BSG is the most abundant brewing by-product amounting to around 85 % of total by-
products generated by the brewing industry (Mussatto et al., 2006). BSG is the residue 
left after separation of the wort (fermentation medium to produce beer) during the 
brewing process (Santos et al., 2003). The chemical composition of BSG varies 
depending on the variety of barley, harvest time, malting and mashing conditions, 
quality and type of adjuncts added in the brewing process (Mussatto et al., 2006; Santos 
et al., 2003). In general BSG is considered as a lignocellulosic material rich in protein 
and fibre, which account for around 20 and 70 % of its composition respectively. 
Minerals, vitamins and amino acids are also found in BSG (Mussatto et al., 2006). 
 
Chemical characterisation 
Despite the variation in the chemical composition of BSG among several studies, BSG 
is composed of high amounts of dietary fibre (TDF) and protein followed by 
considerable amounts of fat and small amounts of starch, ash, sugars and phenolic acids. 
Table 1.4 shows the composition ranges found in the literature for BSG.  
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BSG is a very perishable material and liable to deteriorate rapidly via microbial activity 
due to the high moisture content (> 70 %) and presence of fermentable sugars. Drying 
can be used for BSG preservation with the advantage that it also reduces the product 
volume and therefore decreases transport costs. The drying process consists of two 
steps, pressing to achieve a moisture content < 65 % and drying to achieve a final 
moisture content of < 10 % (Mussatto et al., 2006). 
 
Table 1.4 – Reported range of BSG chemical composition (% in dry weight basis).  
Ash 1-5 
Fat 3-12 
Protein 13-28 
Sugars 0.2 
Starch 5-26 
TDF 53-71 
Cellulose 15-25 
Arabinoxylans 20-46 
Lignin 12-28 
Phenolic acids 0.2-0.4 
Ferulic acid 0.17-0.24 
p-Coumaric acid 0.07-0.12 
Source: (Bartolomé et al., 2002; Carvalheiro et al., 2004; Hernanz et al., 2001; Jay et al., 2008; Mussatto 
et al., 2006, 2007; Öztürk et al., 2002; Santos et al., 2003; Serena & Knudsen, 2007; Stojceska et al., 
2008b)  
 
Dietary fibre from BSG 
BSG is a lignocellulosic material containing about 17 % cellulose, 28 % non-starch 
polysaccharides (arabinoxylans-AX) and 28 % lignin. The non-starch polysaccharide 
fraction is composed of xylose, glucose, arabinose, galactose and mannose (Mussatto et 
al., 2006). The pentose sugar residues, arabinose and xylose, are the main components 
of the non-cellulosic polysaccharides due to the presence of AX. While the contents of 
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arabinose and xylose are similar in BSG from different barley cultivars, significant 
differences in the arabinose content results from the applied methods of preservation 
(freezing, freeze drying and oven drying) (Bartolomé et al., 2002). 
AX from BSG is present as the same structure previously described in section 1.1.1.2. 
The degree of AX substitution is usually evaluated by the arabinose/xylose ratio, which 
for BSG is typically in the range of 0.4-0.7. These arabinose molecules may be 
esterified with hydroxycinnamic acids, monomeric or dimeric ferulic acid and p-
coumaric acid (Bartolomé et al., 2002; Mussatto et al., 2006). 
 
Arabinoxylans from BSG 
AX from BSG are mostly not extractable with water, due to the germinated grain having 
already been through a hot water extraction process to produce the wort for the beer and 
thus chemical and enzymatic methods are usually used for the extraction of these AX. A 
sequential extraction with water, mild alkali and strong alkali solution was reported to 
solubilise 60 % of BSG biomass (Mandalari et al., 2005) and it was observed that most 
of the solubilised material was obtained by using a strong base. The authors also 
reported that with stronger alkali solution the level of arabinose substitution decreases. 
Other authors solubilised more than half of the BSG biomass using a mixture of feruloyl 
esterases and glycoside hydrolases, recovering phenolic acids and diferuloylated 
arabinoxylans oligosaccharides (Faulds et al., 2004). Later these authors, using a 
chemical-enzymatic method with the same enzyme preparation, achieved better results 
but not total solubilisation (Faulds et al., 2006). Also, several AX oligosaccharides 
(AXO) mixtures were recovered from BSG by autohydrolysis (Carvalheiro et al., 2004), 
a treatment carried out in a reactor with hot water or steam. This environmentally 
friendly treatment has some disadvantageous, as some lignin could be solubilised 
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together with the AXO, and for short reaction times, high temperatures are required 
leading to small DP and subsequently a high decomposition rate of AX. Recently a 
sequential extraction by microwave superheated water and dilute alkali extraction was 
proposed, separating AX, AXO and feruloylated AXO from the proteins and residual 
starch (Coelho et al., 2014). 
 
Phenolic compounds from BSG 
The major phenolic compounds found after alkali hydrolysis of BSG are ferulic and p-
coumaric acids (Fig. 1.8) as both cis and trans stereoisomers. Some dimeric forms of 
ferulic acid include 8-5’-diferulic acid (open form), 5,5’-diferulic acid, 8-O-4’-diferulic 
acid and 8-5’-diferulic acid (dehydrobenzofuran form) (Bartolomé et al., 2002). Small 
amounts of syringic, vanillic and p-hydroxybenzoic acids and vanillin were also found 
(Mussatto et al., 2007). Phenolic acids can be found covalently linked to AX and lignin 
in the plant cell wall of BSG by both ester and ether bonds (Mandalari et al., 2005; 
Mussatto et al., 2007; Vanbeneden et al., 2007).  
 
 
 
 
 
Figure 1.8 – Chemical structure of (a) ferulic and (b) p-coumaric acids. 
 
Unlike AX, the phenolic acid content found in BSG can differ with the barley variety, 
time of harvest and the characteristics of the growing region (Bartolomé et al., 2002; 
Hernanz et al., 2001; Santos et al., 2003; Vanbeneden et al., 2007) and also with the 
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malting (steeping, germination, and kilning regime) and brewing (mashing and adjuncts 
added) processes (Mussatto et al., 2006; Vanbeneden et al., 2007). BSG exhibits 5 fold 
higher levels of ferulic, p-coumaric acids and ferulic acid dehydromers than the 
unprocessed barley grains (Hernanz et al., 2001). 
Ferulic and p-coumaric acids bound to the cellular walls of the germinated barley grains 
were suggested as very interesting potential antioxidants and a synergistic effect 
between them has also been reported (Maillard & Berset, 1995).  
 
Applications 
BSG is still used as a landfill and animal feed but several studies were reported on more 
possible applications for this by-product such as energy and charcoal production, brick 
component, paper manufacture, adsorbent, uses in biotechnological processes such as 
cultivation of microorganisms and enzyme production (Mussatto et al., 2006). 
Due to its relatively low cost and potential nutritional value, BSG has been considered 
as an attractive adjunct for human food. Its dietary fibre-rich and protein-rich flours 
have been used as ingredients in the baking and extrusion processes (Ainsworth et al., 
2007; Öztürk et al., 2002; Prentice & D'Appolonia, 1977; Prentice et al., 1978; 
Stojceska et al., 2008b). BSG was utilised in a conventional bread formula with 10 % 
incorporation resulting in a double crude fibre bread content (Prentice & D'Appolonia, 
1977). Cookies were formulated with 15 % and 25 % BSG resulting in a 27 % increase 
in protein and a 3 fold increases in TDF for the 15 % incorporation and 7 fold increases 
in the TDF for the 25 % incorporation (Öztürk et al., 2002; Prentice et al., 1978). BSG 
(30 %) was also included in extruded snacks resulting in significant improvement in the 
physical, nutritional value, dietary fibre and protein content (Ainsworth et al., 2007; 
Stojceska et al., 2008b). However, the results reported indicated that the addition of 
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BSG into food affects considerably the appearance, texture and flavour of final products 
due to the high fibre content BSG contains (Ainsworth et al., 2007; Ktenioudaki et al., 
2012; Stojceska et al., 2008b). Acceptability studies are scarcely reported, the addition 
of BSG in breads (Prentice & D'Appolonia, 1977) and more recently in crispy slices 
(Ktenioudaki et al., 2013) shown that only 10 % of addition of BSG was accepted by 
the panellists. 
Also, BSG has been enzymatically and/or alkali treated for the release of some 
extracted added-value compounds, such as pentoses (xylose and arabinose), AX with 
different degrees of polymerisation and arabinose substitution as well as feruloylated or 
non-feruloylated AX and hydroxycinnamic acids (ferulic acid) with potential uses in the 
food industry (Bartolomé et al., 2002; Carvalheiro et al., 2004; Coelho et al., 2014; 
Faulds et al., 2006; Faulds et al., 2004; Mandalari et al., 2005). 
 
1.1.3 Food thermal processing 
 
Thermal processing is a way of converting raw food into processed food, in the case of 
some foods such as grains, in order to enhance their digestibility. Combining 
temperature and time, microorganisms can be eliminated from a food product, thus 
thermal processing is quite important in food preservation. However, thermal 
processing is often associated with the loss of nutritional and sensory properties of food 
and through the years new thermal and non-thermal technologies have been developed 
towards the improvement of nutritional and flavour quality of processed foods. 
Extrusion is a thermal method considered to be a versatile, low cost, and very efficient 
technology in food processing. Extrusion processing is preferable to other thermal 
processing techniques, as it is a continuous process with high productivity and 
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significant nutrient retention, owing to the high temperature and short time 
requirements. This technology has some unique positive features compared with other 
heat processes, because the material is subjected to intense mechanical shear. The 
process has found numerous applications including increasing numbers of ready-to-eat 
cereals (Singh et al., 2007). 
Baking is still widely used for thermal processing of foods and is considered as one of 
the most common ways of processing cereals and efforts are being made to improve the 
nutritional and sensory qualities of baked products. 
 
1.1.3.1 Extrusion processing 
 
Extrusion processing is a high-temperature, short-time process in which food materials 
are plasticised and cooked in a barrel by the combination of moisture, temperature and 
mechanical shear, resulting in molecular transformation and chemical reactions. It is 
able to break the covalent bounds in biopolymers, and the intense structural disruption 
and mixing, facilitates the modification of functional properties of food ingredients 
and/or texturising them. The modification of the cell wall structure during extrusion 
increases TDF in most of the flours used, with the exception of vegetables where the 
heat and moisture solubilises and degrade the pectic substances. The influence on 
phenolic content and antioxidant capacity is very dependent on the flours used and 
contradictory results are found. In addition, the extrusion process denatures undesirable 
enzymes, inactivates some anti-nutritional factors (trypsin inhibitors, haemaglutinins, 
tannins and phytates), sterilises the finished product, and retains natural colours and 
flavours of foods (Singh et al., 2007).  
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Extrusion processing is increasingly being used for generating a wide range of snack 
foods and breakfast cereals and has been widely investigated to improve the nutritional 
quality of extruded products (Stojceska et al., 2009). Extruded snack products are 
predominantly made from cereal flour or starches and tend to be low in protein with low 
biological value (Ainsworth et al., 2007). The incorporation of enriched protein and 
fibre flours with significant values of antioxidants is a way to improve the nutritional 
value of these snacks. There has been reported work on the utilisation of BSG flours to 
improve the nutritional value of extruded snacks (Ainsworth et al., 2007; Stojceska et 
al., 2008b). 
 
1.1.3.2 Baking processing 
 
Baking is a food processing that uses prolonged dry heat acting by convection and it 
still represents one of the most common ways of processing cereals. Bakery products 
are produced from the dough prepared with cereals and vegetables flours where starch is 
the major component (Nanditha & Prabhasankar, 2009). During baking, the outer layers 
of the dough are heated to 120-200ºC or even more, while the temperature in the inner 
layers remains lower than 95-100ºC, leading to a dry crust and a softer centre, 
characteristic of baked products. At the surface layer, the following reactions occur: (1) 
sucrose partially cleaved into reducing sugars, (2) caramelisation of reducing sugars and 
ascorbic acid, (3) Maillard reactions (Fig. 1.9) between reducing sugars and amino acids 
or proteins, (4) Strecker degradation of dicarbonylic compounds with amino acids, (5) 
hydrolysis of ester and glycosides of antioxidants and (6) lipid oxidation (Pokorny, 
2003). Phenolic antioxidant compounds are oxidised too with formation of quinones 
and their polymers and copolymers. Enzymatic or chemical oxidation of polyphenols is 
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generally responsible for a loss in their antioxidant capacity, however recent 
observations suggest that partially oxidised polyphenols exhibit higher antioxidant 
activity than that of non-oxidised phenols (Pokorny, 2003). The Maillard reaction is 
known to generate flavour compounds and also compounds possessing anti-mutagenic 
and antioxidant activity (Amarowicz, 2009). Decomposition of antioxidants during 
baking is thus partially compensated by the formation of Maillard products, which also 
possess antioxidant activity, partially due to their metal chelating capacity (Pokorny, 
2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 – Initial step of Maillard reaction between a reducing sugar and an amino 
group resulting in an Amadori compound, and possible reactions resultant from the 
Amadori rearrangement. 
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The nutritional value of bakery products where starch is the basic major component will 
improve if protein and fibre enriched flours with significant content of antioxidants are 
used. AP flours have been incorporated in muffins, cookies, apple pie filling, breads and 
cakes (Carson et al., 1994; Masoodi & Chauhan, 1998; Sudha et al., 2007; Wang & 
Thomas, 1989) and BSG flours have been incorporated in breads, breadsticks, cookies 
and crispy slices (Ktenioudaki et al., 2012; Ktenioudaki et al., 2013; Öztürk et al., 
2002; Prentice & D'Appolonia, 1977; Prentice et al., 1978). 
 
1.1.4 Extraction techniques of bioactive compounds from plant materials 
 
The use of bioactive compounds in the food and pharmaceutical industries requires an 
appropriate and standard method for the extraction of these active components from 
plant materials. The extraction of bioactive compounds from plant materials can be 
done by various extraction procedures, including conventional methods and non-
conventional methods that play a significant and crucial role on the final result and 
outcome. The main factors affecting the extraction processes are nature of the matrix, 
solvent, temperature, pressure and time (Azmir et al., 2013).  
Conventional extraction methods are based on the extracting power of different solvents 
and application of heat and/or mixing. These extraction methods require costly and high 
purity solvents and evaporation of huge amount of solvent, and are characterised by 
long extraction times, low extraction selectivity and thermal decomposition of thermo 
labile compounds (Azmir et al., 2013).  
Non-conventional extraction methods were introduced in the market to overcome the 
limitations of conventional extraction methods. Some of the most promising techniques 
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are based on enzyme digestion, pulsed electric fields, accelerated solvents, supercritical 
fluids, microwave heating and ultrasound.  
 
Enzyme digestion 
The extraction technique based on enzyme digestion is commonly named as enzyme-
assisted extraction (EAE) and involves the addition of specific enzymes during the 
extraction. This technique enhances the recovery of compounds by breaking the cell 
wall and hydrolysing the structural polysaccharides and lipid bodies. It is often 
recognised as an eco-friendly technology, because the solvent used is water instead of 
organic solvents (Azmir et al., 2013). However, this technique requires the use of the 
optimum temperature and pH of the medium for the best performance of the specific 
enzymes, long extraction times and some of these enzymes are quite costly. 
 
Pulsed electric field 
Pulsed electric fields use high-intensity electric fields in pulse mode. The intense 
electric field generates a potential difference across the cell membrane that is high 
enough to cause membranes to breakdown. Pulsed electric field extraction (PEF) has 
been applied for the release of intracellular compounds from plant tissue due to the 
increase of cell membrane permeability that allows mass transfer during extraction and 
consequently enhances the extraction and decreases the extraction time. The 
effectiveness of PEF treatment strictly depends on the process parameters, including 
field strength, specific energy input, pulse number treatment, temperature and properties 
of the materials to be treated. PEF treatment at a moderate electric field (500 and 1000 
C/cm; for 10-4-10-2s) was found to damage cell membrane of a plant tissue with little 
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temperature increase. The main advantage of this technique is to minimise the 
degradation of heat sensitive compounds (Azmir et al., 2013). 
 
Accelerated solvents 
This extraction technique is also known as pressurised liquid extraction (PLE), 
pressurised fluid extraction (PFE), accelerated fluid extraction (AFE), enhanced solvent 
extraction (ESE) and high-pressure solvent extraction (HPSE). It consists of the 
application of high pressure and temperature in order to enable the solvent to be above 
its normal atmospheric boiling point. These conditions promote the increase of both 
solubility and mass transfer rate, simultaneously with a decrease in the viscosity and 
surface tension of solvents, allowing lower extraction times and solvent requirements 
(Azmir et al., 2013; Mustafa & Turner, 2011). This technique is recognised as a green 
extraction technique due to the small amount of organic solvent required in the 
extractions. 
 
Supercritical fluids  
Supercritical fluid extraction (SFE) is a high-pressure technology, which uses the 
solvent of extraction in its supercritical state that is a distinctive state only attained 
when the solvent is subjected to a temperature and pressure beyond its critical point. 
The solvent at its supercritical state possesses gas-like properties of diffusion, viscosity, 
and surface tension, and liquid-like density and solvation power. These properties make 
the solvent suitable for extracting compounds in a short time with higher yields (Azmir 
et al., 2013). Carbon dioxide is the solvent often used for SFE because the critical 
temperature is close to room temperature (31 °C), and the low critical pressure (74 bars) 
offers the possibility to operate at moderate pressures. The studies reported on SFE have 
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used pressures between 100-400 bar and temperatures between 40-100ºC, although 
temperatures between 40-60ºC are the most reported due to concerns regarding thermal 
degradation of extractable labile compounds, equipment limitations and associated costs 
(Melo et al., 2014). The main variables influencing the extraction efficiency are 
temperature, pressure, particle size and moisture content of feed material, time of 
extraction, flow rate of CO2, and solvent-to-feed-ratio. The major advantages associated 
with this technique are reduced extraction time, increased extraction yields and reduced 
degradation of heat sensitive compounds. It is recognised as a green technology since 
the use of organic solvents can be avoided or used in small volumes. 
 
Microwave heating 
Microwaves are electromagnetic fields in the frequency range from 300MHz to 
300GHz. Microwave-assisted extraction (MAE) is a process that uses microwave 
energy to heat solvents in contact with a sample in order to promote the partition of 
analytes from the sample matrix into the solvent (Azmir et al., 2013; Sparr Eskilsson & 
Björklund, 2000). MAE involves three sequential steps. The first step involves the 
separation of solutes from active sites of sample matrix under increased temperature and 
pressure. The second step involves the diffusion of solvent across sample matrix and 
finally the third step involves the release of solutes from sample matrix to solvent. The 
main advantage of MAE is the ability to rapidly heat the sample solvent mixture and 
consequently reduce extraction times and increase extraction yields. It is recognised as a 
green technology because it can also reduce the use of organic solvents. 
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Ultrasound 
Ultrasound refers to pressure waves at frequencies above 20 kHz, and when applied in 
food treatment comprises sound waves with frequencies between 20 to 100 kHz and 
sound intensity of 10 to 1000 W/cm2. Ultrasound assisted extraction (UAE) has been 
successfully used because it can enhance the extraction process by increasing the mass 
transfer between the solvent and the plant material. When compared to conventional 
methods it has the advantages of (1) lower time of extraction, (2) increased 
reproducibility, (3) reduced consumption of solvent, (4) simplified manipulation and 
work-up, (5) high purity of the final product, (6) no post-treatment of waste water and 
(7) less energy. Compared to the emerging “green and innovative” techniques 
previously described as PEF, PFE, SFE and MAE ultrasound is simpler, faster, not 
restricted by the solvent/matrix/moisture content, has enhanced mass transfer and 
reduced extraction time, solvent volume and sample manipulations (Chemat et al., 
2011). 
 
1.1.4.1 Ultrasound assisted extraction 
 
Ultrasound-assisted extraction (UAE) is a process that uses acoustic energy and solvents 
to extract target compounds from various plant matrices (Ebringerová & Hromádková, 
2010). The application of high-intensity ultrasound in materials causes pressure 
fluctuations to be propagated through the material. This fluctuation gives rise to 
microscopic bubbles that are highly unstable and collapse within a few milliseconds 
after their formation. In the wake of the collapse, high shear forces are applied to any 
material that is present in the vicinity of these cavitational bubbles. In addition to the 
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mechanical shear forces, the temperature in the vicinity of the bubbles increases 
(Seshadri et al., 2003). The ultrasound pressure waves and resulting cavitation 
phenomena, coupled with the collapse of cavitation bubbles and highly localised 
temperature, breaks cell walls and releases the contents of the cell into the extraction 
medium (Ebringerová & Hromádková, 2010). 
The main applications of UAE in the food industry are in the phyto-pharmaceutical 
extraction industry in a wide range of herbal extracts, in protein extraction, in bioactive 
extraction from animal materials such as chitin and chitosans from prawn shells and 
lutein from egg yolk and in bioactive extraction from plant materials such as 
polyphenols, anthocyanins, tartaric acid, aroma compounds and polysaccharides 
(Vilkhu et al., 2008). 
 
UAE of non-starch polysaccharides 
Several polysaccharides have been extracted using UAE including xylans extracted 
from corn cobs (Ebringerova et al., 1998; Hromádková et al., 1999), corn bran 
(Ebringerová & Hromádková, 2002), wheat straw (Sun et al., 2002; Sun & Tomkinson, 
2002), buckwheat hulls (Hromádková & Ebringerová, 2003), sugarcane bagasse (Sun et 
al., 2004), birch wood (Chang & Yang, 2006), wheat bran (Hromádková et al., 2008) 
and almond shells (Ebringerová et al., 2008). The common advantages reported are the 
substantial shortening of the extraction time, reduction of solvent consumption and 
extraction temperature with resulting higher yields and purity of polysaccharides with 
no significant structural changes and no negative effects on the functional properties 
(Ebringerová & Hromádková, 2010). The solvent extraction of polysaccharides from 
plant tissues is based on steeping the material in solvent to facilitate swelling and 
hydration processes and mass transfer of the soluble constituents from the material to 
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the solvent by diffusion and osmotic processes. The mechanical effect of ultrasound 
enhances the process of softening via hydration, provides a greater penetration of 
solvent into the material, improves mass transfer and facilitates the release of soluble 
polysaccharides due to break-up of tissues (Ebringerová & Hromádková, 2010). 
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1.2 Aim and objectives 
 
The concern about environmental pollution problems derived from cider and brewing 
industries has led to investigations of the potential applications of apple pomace (AP) 
and brewer’s spent grain (BSG) by-products. AP and BSG being rich in protein and 
fibre flours with significant amounts of antioxidants can be incorporated in human food 
thus generating new potential functional foods. Also, their major bioactive compounds 
can be extracted thus generating nutraceutical ingredients with potential use in food and 
pharmaceutical industries. 
The increasing demand from consumers for meals that are quick sources of good 
nutrition and health have prompted the food industry to develop foods like ready-to-eat 
snacks that combine convenience, nutrition and health benefits. Snack food nutritional 
value can be improved via modification of their nutritive composition by the use of new 
technologies and/or incorporation of healthy and nutritious ingredients. 
Natural sources of antioxidants are highly in demand and most of all environmentally 
friendly methods must be developed for their extraction.  
Non-starch polysaccharides are the most popular components to use in functional foods 
due to the health benefits associated with their consumption. However, economical 
sources and “green and innovative” extraction techniques of these non-starch 
polysaccharides need to be developed.  
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The aim of the present work is the incorporation of AP and BSG into ready-to-eat 
snacks and the extraction of their bioactive compounds using “green and innovative” 
techniques. 
To achieve the aim of this research work several objectives were proposed: 
• Extraction of phenolic compounds from AP by an environmentally friendly 
method (Chapter 2 - Paper I); 
• Establishing how the incorporation of AP will affect the nutritional and 
compositional properties of extruded and baked snacks (Chapter 3 - Paper II); 
• Establishing how the incorporation of BSG will affect the nutritional and 
compositional properties of extruded and baked snacks (Chapter 4 - Paper III); 
• Extraction of arabinoxylans from BSG through application of ultrasound 
characterised as a “green and innovative” method (Chapter 5 - Paper IV); 
• Evaluation of the prebiotic potential of the BSG arabinoxylans-rich extracts 
obtained (Chapter 6 - Paper V). 
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Abstract 
A sequential method was used for the extraction of phenolic compounds from apple 
pomace (AP) involving a first extraction with water and subsequent extractions of the 
same residue with two different organic solvents. The water extracts obtained presented 
high amounts of phenolic compounds with high antioxidant capacity however, the 
second and third extractions of the same residue still extracted considerable amounts of 
remaining phenolic compounds with significant antioxidant capacities. Liquid 
chromatography – electrospray ionisation mass spectrometry (LC-ESI/MS) studies 
showed water to be a good solvent to extract hydroxycinnamic acids, flavonols, 
flavanols, dihydrochalcones and flavones present in the AP. However, water was not the 
ideal solvent to extract the quercetin glycosides and procyanidins. 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Apple pomace, phenolic compounds, antioxidant capacity, LC-ESI/MS. 
 
 Chapter 2 – Paper I	  
	   59	  
 
2.1. Introduction 
 
Apple pomace (AP) is the main by-product of the cider industry representing a serious 
environmental concern due to the vast amounts (millions of tonnes-EU) produced every 
year (Kennedy et al., 1999). AP is a heterogeneous mixture consisting of peel, core, 
seed, calyx, stem and soft tissue. Its composition varies according to the apple variety, 
agricultural practices, fruit maturity and the extraction process used to make the ciders 
(Kennedy et al., 1999) and particularly depends on the number of times the fruits are 
pressed (Vendruscolo et al., 2008).  
Whole apples and their by-products such as AP are good sources of phenolic 
compounds (Schieber et al., 2001; Tsao et al., 2003). Phenolic compounds are known as 
free radical scavengers and therefore can act as potential disease-preventing agents 
against a range of degenerative diseases such as cardiovascular disease, cancer, 
inflammation, arthritis, immune system decline, brain dysfunction and cataracts (Lu & 
Foo, 1997; Lu & Foo, 2000). The phenolic compounds present in AP are mainly 
phenolic acids and flavonoids. To date, the major class of compounds identified in AP 
are flavonoids, where flavonols are the largest sub-class followed by flavanols, 
flavanones, flavones, dihydrochalcones and anthocyanins. The phenolic acids identified 
are primarily hydroxycinnamic acid derivatives and lesser amounts of hydroxybenzoic 
acids (Cam & Aaby, 2010; Cetkovic et al., 2008; Diñeiro García et al., 2009; Foo & Lu, 
1999; Lu & Foo, 1997; Lu & Foo, 2000; Sanchez-Rabaneda et al., 2004; Schieber et al., 
2003; Suárez et al., 2010). 
Typical extraction procedures of phenolic compounds from AP are mostly carried out 
using organic solvents as high as 70 % acetone or 80-100 % methanol (Cetkovic et al., 
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2008; Diñeiro García et al., 2009; Foo & Lu, 1999; Lu & Foo, 1997; Lu & Foo, 2000; 
Schieber et al., 2003; Suárez et al., 2010). Sanchez-Rabaneda et al. (2004) have used 
fractionation extraction with ethyl acetate and dichloromethane. Some recent studies 
have reported the extraction of the phenolic compounds using alternatives to organic 
solvents such as sub-critical extraction (Adil et al., 2007), pressurised liquid extraction 
(Wijngaard & Brunton, 2009) and water (Cam & Aaby, 2010). The latest review 
reported (Wijngaard et al., 2012) provides an excellent overview of various 
solvents/techniques used to date in the extraction of phenolic compounds from by-
products of food plants. 
Analytical techniques used for separation and identification play important roles 
towards a successful study of phenolic compounds. The liquid chromatography-diode 
array detector (LC-DAD) is the most common method but it has a drawback of 
requirement of known standards (not available to all the phenolics) to validate the 
identification (Cetkovic et al., 2008; Diñeiro García et al., 2009; Schieber et al., 2003; 
Suárez et al., 2010). A mass spectrometer, which is an universal detector, coupled to the 
LC-DAD can bypass the need for standards especially for the simple phenolic 
compounds (Cam & Aaby, 2010). As many as 60 phenolic compounds have been 
identified in AP using LC-MS/MS (Sanchez-Rabaneda et al., 2004). The MS/MS, or 
alternatively known as tandem mass spectrometry, is a powerful analytical technique 
that can provide primary structural information of molecules and can further aid in 
establishing the chemical identity of the molecule. Identification of phenolic compounds 
is achieved based on three different parameters namely the m/z ratio, the retention time 
and the fragmentation pattern, thus identification is no longer limited by the availability 
of commercial standards. NMR spectroscopy has also been used in the identification of 
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phenolic compounds in AP but it inherently requires purified compounds of adequate 
concentration (Foo & Lu, 1999; Lu & Foo, 1997).  
Some of the phenolic compounds identified in AP have been correlated with antioxidant 
capacities using various methods (DPPH, hydroxyl and superoxide anion radical 
scavenging activity, FRAP) thus establishing the fact that AP is a valuable source of 
antioxidants. High correlations between the antiradical activities, total phenolics, total 
flavonoids, total flavanols and some individual phenolic compounds have been reported 
(Cetkovic et al., 2008). A predicted model has also been developed to predict 
antioxidant activity as a function of the phenolic profile. The antioxidant activity 
measured by DPPH and FRAP assays could be predicted by the contents of phloridzin, 
procyanidin B2, rutin, isoquercetrin, protocatechuic acid and hyperin (Diñeiro García et 
al., 2009). It has been shown that epicatechin, polymers of procyanidin, quercetin 
glycosides, chlorogenic acid, phloridzin and 3-hydroxyphloridzin showed DPPH 
radical-scavenging activities 2-3 times and superoxide anion radical-scavenging 
activities 10-30 times higher than those of vitamins C and E (Lu & Foo, 2000). This 
study has also reported that the presence of lower molecular weight procyanidins and 
the quercetin glycosides showed excellent activity in the DPPH and superoxide anion 
radical-scavenging activity assays. 
Much work has been done on phenolic compounds of AP and efforts are being made to 
improve the extraction of phenolic compounds by using healthy and environmentally 
friendly methods (Adil et al., 2007; Cam & Aaby, 2010; Wijngaard & Brunton, 2009; 
Wijngaard & Brunton, 2010). The use of water is a good choice for the extraction of 
phenolic compounds due to its safety, accessibility and low cost. Limited research has 
been reported on the extraction of phenolic compounds with water at 100 ºC (Cam & 
Aaby, 2010), however it must be noted that high temperature is an expensive factor for 
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the industry. The aim of this work is to evaluate the efficiency of water at room 
temperature for the extraction of AP phenolic compounds.  
 
2.2. Material and methods 
 
2.2.1 Chemicals 
 
Acetic acid, aluminium chloride, ascorbic acid, β-carotene, catechin, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), ferric chloride, Folin Ciocalteu’s phenol reagent, gallic acid, 
linoleic acid, sodium acetate, sodium carbonate, sodium nitrite, quercetin, 2,4,6-Tris(2-
pyridil)-s-triazine (TPTZ), Tween 20 and vanillin were purchased from Sigma-Aldrich. 
Hydrochloric acid was purchased from AlfaAesar and sodium hydroxide from 
Applichem. All organic solvents were of analytical grade obtained from Fisher 
Chemical. The solvents used for sample preparation of LC-MS studies were HPLC 
grade, and the water (18.2MΩ) was purified on a Millipore Direct-Q system (Millipore 
Ireland, Cork, Ireland). Fifteen standard phenolic compounds (> 97 % purity), namely 
chlorogenic acid, epicatechin, isorhamnetin, rhamnetin, kaempferol luteolin, 
procyanidin trimer C, phloretin, phloridzin, quercetin, quercetin-3-O-arabinoside, 
quercetin-3-O-galactoside, quercetin-3-O-glucoside, quercetin-3-O-rhamnoside and 
rutin were purchased from Sigma Ireland (Arklow, Co. Wicklow, Ireland).  
 
2.2.2 Apple pomace 
 
Apple pomace (AP) was provided by Bulmers Limited (Clonmel, Ireland). On arrival, 
the samples were packed under vacuum to prevent oxidation and fermentation and 
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stored at -20 ºC until being freeze dried. The freeze dried AP was coarsely ground and 
passed through a 250 µm sieve and stored in vacuum packed polyethylene bags at -20 
ºC for further analysis.  
 
2.2.3 Extraction of phenolic compounds 
 
The extraction of phenolic compounds was performed by a sequential method based on 
a method previously described (Ferreira et al., 2002). This method was modified 
accordingly to the nature of the sample and the aim of the study. The freeze dried and 
ground samples (3 g) were stirred with 40 mL water three times (40 min, 40 min, 10 
min) at room temperature. In each extraction, the water extracts were filtered and the 
three collected filtrates were combined. The residual pomace was then reconstituted in 
methanol (20-100 %) and stirred as above. The procedure was repeated with acetone 
(20-100 %) on the residue left after the methanol extraction. All extractions were 
carried out in acidic conditions (addition of glacial acetic acid at 5 mL/L) to prevent 
oxidation of the phenolic compounds. The resultant three crude extracts were classified 
as water extract (WE), methanol extract (ME) and acetone extract (AE). Solid phase 
extraction (SPE) with C18 cartridges (DSC-18, Supelco) was performed to select the 
organic compounds from the crude extract and to remove the sugars from each extract, 
which will otherwise interfere with the Folin assay. The sugars were eluted from the 
cartridge with 300 mL of 2 % acetic acid and the phenolic-rich fractions were eluted 
with methanol containing 0.1 % HCl. The phenolic fractions from WE, ME and AE 
were concentrated using a rotary evaporator at 40 ºC, frozen at -70 ºC and freeze dried.  
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2.2.4 Determination of phenolic compounds 
 
Total Phenolic Content (TPC) 
Total phenolics were determined using the Folin-Ciocalteu assay (Ganesan et al., 2008). 
The reaction mixture was prepared by mixing 100 µL extract with 2 mL of 2 % 
Na2CO3. The mixture was allowed to stand for 2 min at room temperature followed by 
the addition of 100 µL of Folin Ciocalteu’s phenol reagent (1:2). After 30 min 
incubation at room temperature in the dark the absorbance was measured at 720 nm and 
the results were expressed in gallic acid equivalents.  
 
Total Flavonoid Content (TFC) 
Total flavonoids were estimated according to the method previously described (Liu et 
al., 2009). An aliquot of 250 µL extract was mixed with 1.25 mL of distilled water and 
75 µL of 5 % NaNO2. After 6 minutes, 150 µL of 10 % AlCl3 was added. Finally, 500 
µL of 1M NaOH was added and the total volume was made up to 2.5 mL with distilled 
water. Absorbance was measured at 510 nm. Results were expressed in quercetin 
equivalents.  
 
Proanthocyanidins content (PAC) 
Proanthocyanidins were determined using the vanillin assay previously described (Sun 
et al., 1998). An aliquot of 0.5 mL extract was mixed with 3 mL of 4 % vanillin-
methanol solution and 1.5 mL HCl. Absorbance was measured after 15 minutes at 500 
nm. Results were expressed in catechin equivalents. 
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2.2.5 Antioxidant capacity evaluation 
 
DPPH radical scavenging activity  
The DPPH assay was performed in a 96-well round-bottomed microplate (Sarstedt, Inc, 
USA) according to the method previously described by other authors (Yen & Chen, 
1995). Three wells of the microplate were loaded with 50 µL of extract and 200 µL of 
DPPH (test), another three wells were filled with 50 µL of solvent and 200 µL of DPPH 
(control) and one well with 50 µL of extract and 200 µL of extractant solvent (blank). 
DPPH solution (0.5 mg/mL) was freshly prepared each day and a dilution of 1:10 from 
this solution was used in the reaction mixture. The microplate was incubated in a 
microplate reader (Synergy HT, Biotek, VT, USA) for 30 minutes at 25 ºC and the 
absorbance was measured at 517 nm every 5 minutes. The ability to scavenge the DPPH 
radical was calculated using the following equation: ((Abscontrol –Abstest) x 
100)/Abscontrol. Different concentrations of some extracts were tested to determine the 
EC50 value, defined as the concentration of extract required for 50 % scavenging of 
DPPH radical under the experimental conditions employed (Cetkovic et al., 2008). 
 
Ferric reducing antioxidant power (FRAP) 
The FRAP assay was performed according to the method described by Diñeiro García et 
al. (2009). An aliquot of 30 µL of extract was mixed with 90 µL of distilled water and 
900 µL of the FRAP reagent. This reaction mixture was incubated at 37 ºC for 2h. 
Absorbance was measured at 595 nm and the results expressed as ascorbic acid 
equivalents. The FRAP reagent was prepared freshly each day by mixing 2.5 mL of 
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TPTZ (10 mM in 40 mM hydrochloric acid), 2.5 mL of ferric chloride (20 mM) and 25 
mL of sodium acetate buffer (300 mM, pH 3.6). 
 
β-Carotene/linoleic acid system (BCLAS) 
The β-Carotene/linoleic acid assay was carried out according to the method described 
by Lu & Foo (2000). 1 mL of β-carotene in chloroform (3.34 mg/mL) was added into a 
round bottomed flask containing 40 mg linoleic acid and 400 mg Tween 20. The 
chloroform was removed by rotary evaporation and 100 mL of oxygenated distilled 
water was added slowly with vigorous agitation and placed in an ultrasound bath to 
form an emulsion. An aliquot of 1.44 mL emulsified solution was added into a 
microtube containing 60 µL extract. The absorbance was measured immediately at 470 
nm against a blank consisting of the emulsion without β-carotene. The microtubes were 
placed in a water bath at 40 ºC and the absorbance was measured every 15 min. 
 
2.2.6 Liquid Chromatography – Electrospray Ionisation Mass Spectrometry (LC-
ESI/MS) 
 
LC-ESI/MS was performed on a Q-Tof Premier mass spectrometer (Waters Corp., 
Micromass MS Technologies, Manchester, UK), coupled to an Alliance 2695 HPLC 
system (Waters Corp., Milford, MA). The Q-Tof Premier was equipped with a 
lockspray source where an internal reference compound (leucine-enkephalin) was 
introduced simultaneously with the analyte for accurate mass measurements. 
Compounds were separated on an Atlantis T3 C18 column (Waters Corp., Milford, MA; 
100 mm x 2.1 mm; 3 µm particle size) using 0.5 % aqueous formic acid (solvent A) and 
0.5 % formic acid in 50:50 (v/v) acetonitrile:methanol (solvent B). Column temperature 
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was maintained at 38 ºC. A stepwise gradient from 10 to 95 % solvent B was applied at 
a flow rate of 0.2 mL/min for 30 minutes. Electrospray mass spectra data were recorded 
on a negative ionisation mode for a mass range from m/z 100 to 1600. Capillary voltage 
and cone voltage were set at 3kV and 30V, respectively. Collision-induced dissociation 
(CID) of the analytes was achieved using 10-30 eV of energy using argon as the 
collision gas. 
Primary stock solutions of the 15 standard phenolic compounds were prepared in 
methanol at a concentration of 1 mg/mL and stored at -20 ˚C. Four groups of 
intermediate working standard mix solutions each: (Group 1) 500 µg/mL of chlorogenic 
acid, epicatechin, quercetin, quercetin-3-O-galactoside and quercetin-3-O-rhamnoside; 
(Group 2) 200 µg/mL of kaempferol, quercetin-3-O-arabinoside, quercetin-3-O-
glucoside and rutin; (Group 3) 100 µg/mL of kaempferol, luteolin, phloretin and 
phloridzin and (Group 4) 50 µg/mL of isorhamnetin and rhamnetin were prepared in 
methanol and stored at -20˚C. Accordingly 7 calibrants of 2, 5, 8, 10, 12, 15, 20 µg/mL 
(Group 1); 0.8, 2, 3.2, 4, 4.8, 6, 8 µg/mL (Group 2); 0.4, 1, 1.6, 2.0, 2.4, 3, 4 µg/mL 
(Group 3); 0.2, 0.5, 0.8, 1.0, 1.2, 1.5, 2.0 µg/mL (Group 4) and 2, 4, 10, 16, 20, 24 and 
30 µg/mL of procyanidin C were prepared. Low and a medium concentrated standard 
samples were prepared as controls. Quanlynx software supplied with the mass 
spectrometry software Masslynx 4.1 (Waters Corporation, Milford, USA) was used to 
aid the quantification of the phenolic compounds in the analytes.  
 
2.2.7 Response Surface Methodology (RSM) 
 
A central composite rotatable design was used to investigate the effects of two 
independent variables, concentration of solvent (X1) and extraction time (X2), on AP 
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total phenolic content (TPC), total flavonoid content (TFC) and the antioxidant capacity 
measured by DPPH and FRAP. Results from preliminary trials were used to select 
suitable values for the independent variables. A second order polynomial equation (2.1) 
for the dependent variables was established to fit the experimental data. An analysis of 
variance (ANOVA) was carried out using STATGRAPHICS (Centurion XV.II, 2006) 
to determine the significance levels of variables. 
 
Y = β0 + β1X1 + β2X2 + β11X12 + β22X22 + β12X1X2                              equation (2.1) 
 
where X1, X2, X12, X22, X1X2 are the independent variables with their linear, quadratic 
and interactive models and β0, β1, β2, β11, β22, β12 are the regression coefficients of 
responses. 
The predictive performance of the models describing the effect of concentration of 
solvent (X1) and extraction time (X2) on TPC, TFC, DPPH and FRAP were validated 
with optimal extraction conditions as predicted by the design. 
 
2.2.8. Statistical analysis 
 
All TPC, TFC, DPPH and FRAP measurements were carried out in three independent 
extractions and performed in triplicate for each extraction. Data were reported as mean 
± standard deviation (SD). To test the significance of differences between means 
analysis of variance (ANOVA) was used. Differences were considered to be statistically 
significant at a confidence level of 95% (p ≤ 0.05). 
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2.3. Results and discussion 
 
2.3.1 Preliminary results 
 
The phenolic compounds of AP were extracted by a sequential method involving a first 
extraction with water and a second and third extraction of the same residue with organic 
solvents namely methanol and acetone. The aim was to see if after the extraction with 
water there was any phenolic compound left in the residue responsible for significant 
antioxidant extracts. To achieve this, preliminary work was done in the optimisation of 
the water extraction and in the subsequent extractions with methanol and acetone of the 
residue left. The water extraction was optimised for the amount of sample (3-7 g of AP), 
amount of solvent (40-60 mL of water) and extraction time (50-90 min). The data 
(Appendix I) revealed by the ANOVA that the values obtained for the yield using 
different amount of sample and solvent were not significantly different (p ≤ 0.05). For 
that reason, the smaller amount of sample and solvent were chosen, 3 g of AP and 40 
mL of water. The best yield results obtained for extraction time was 90 min.  
The subsequent extractions with methanol and acetone were also optimised for solvent 
concentration and extraction time in the residue left after water extraction. The 
optimisation was done by RSM and the experimental design for both extractions and 
corresponding response values are presented in Table 2.1. A regression analysis was 
carried out to fit mathematical models to the experimental data and the regression 
coefficients for the uncoded variables are shown in Table 2.2. The regression models fit 
significantly (R2) for all independent variables except yield of acetone. The result 
obtained for yield of acetone is probably because being the last extraction of the residue, 
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the quantity of compounds extracted is too small leading to an error in the analysis. The 
p-values of regression and ANOVA analysis showed that solvent concentration is the 
main variable for all the responses. Extraction time also affects significantly TFC in 
both methanol and acetone extracts, DPPH and FRAP in methanol extracts. The 
quadratic factor of solvent concentration affects TPC, TFC and FRAP in acetone 
extracts and DPPH in methanol extracts. The interactions affected specially TFC in both 
methanol and acetone extracts. 
 
Table 2.1 – Experimental design and corresponding response values for methanol (ME) 
and acetone (AE) extracts. 
 
ME  X1  X2  Y1  Y2  Y3  Y4  Y5 
1  88 (2)  70 (0)  0.95  48  250  21  14 
2  60 (0)  98 (2)  0.12  267  659  95  468 
3  60 (0)  70 (0)  0.08  231  630  93  411 
4  40 (-1)  90 (1)  0.06  393  1036  100  557 
5  60 (0)  42 (-2)  0.12  152  391  88  263 
6  40 (-1)  50 (-1)  0.06  277  588  85  299 
7  32 (-2)  70 (0)  0.13  1711  852  90  549 
8  60 (0)  70 (0)  0.07  226  645  94  328 
9  80 (1)  50 (-1)  0.25  46  355  41  32 
10  80 (1)  90 (1)  0.23  50  301  53  54 
AE               
1  60 (0)  42 (-2)  0.15  73  416  38  22 
2  88 (2)  70 (0)  0.04  51  287  25  9 
3  60 (0)  70 (0)  0.15  59  331  36  17 
4  60 (0)  70 (0)  0.12  66  325  41  24 
5  40 (-1)  50 (-1)  0.11  311  735  87  379 
6  32 (-2)  70 (0)  0.17  319  960  99  368 
7  60 (0)  98 (2)  0.11  79  369  81  27 
8  80 (1)  90 (1)  0.49  43  165  11  0 
9  40 (-1)  90 (1)  0.12  319  810  100  376 
10  80 (1)  50 (-1)  0.42  51  277  16  6 
X1=Concentration of solvent (%); X2=Extraction time (min); Y1=Yield (%); Y2=TPC (µg Gallic acid/mg dry extract); 
Y3=TFC (µg Quercetin/mg dry extract); Y4=DPPH (% inhibition at 1mg/mL after 30 minutes); Y5=FRAP (µg Ascorbic 
acid/mg dry extract) 
 
The estimated response surfaces based on the experimental data is represented in Fig. 
2.1 for each response for both methanol and acetone extraction. It can be seen that yield 
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of extraction increases with the increase of solvent concentration. Inverse results were 
obtained for the content of phenolics (TPC, TFC) and for the antioxidant capacities 
(DPPH, FRAP), which means that if concentration of methanol and acetone increase it 
will be promoting the extraction of other unknown compounds without antioxidant 
capacity. Combining the optimum value for each of the responses, making use of the 
predicted equations and looking to high content of phenolic compounds and antioxidant 
capacity, 90 min was chosen for both extractions of 40 % methanol and 40 % acetone to 
extract the residue left from water extraction. The results discussed further will refer to 
the extraction of AP with water and subsequent extraction of the residue left with 40 % 
methanol and a third extraction of the same residue with 40 % acetone. 
 
Table 2.2 – Regression coefficients and analysis of variance of uncoded units for 
dependent variables methanol (ME) and acetone (AE) extracts. 
 
  β0  β1  β2  β11  β12  β22  R2 
 Y1 0.873  -0.046  0.008  0.000  0.000  0.000  77.8 
               
 Y2 1846  -84.6  40.2  0.593  -0.070  -0.244  70.8 
               
ME Y3 -1244  21.2  40.5  -0.088  -0.314  -0.121  99.3 
               
 Y4 -63.0  4.93  1.02  -0.050  -0.002  -0.005  98.9 
               
 Y5 -815  20.6  20.8  -0.165  -0.147  -0.060  95.1 
               
 Y1 ⎯  ⎯  ⎯  ⎯  ⎯  ⎯  ⎯ 
               
 Y2 1262  -27.2  -6.13  0.185  -0.010  0.048  94.1 
               
AE Y3 2318  -48.1  -3.94  0.362  -0.117  0.073  99.5 
               
 Y4 256  -3.85  -1.93  0.025  -0.011  0.022  92.2 
               
 Y5 1710  -39.2  -7.93  0.262  -0.002  0.057  92.1 
Y1=Yield (%); Y2=TPC (µg Gallic acid/mg dry extract); Y3=TFC (µg Quercetin/mg dry extract); Y4=DPPH (% inhibition at 
1mg/mL after 30 minutes); Y5=FRAP (µg Ascorbic acid/mg dry extract) 
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Figure 2.1 – Estimated response surfaces for the effect of solvent concentration and 
extraction time on (a) yield, (b) TPC, (c) TFC, (d) DPPH and (e) FRAP in methanol and 
acetone extracts.  
(a) 
(b) 
(c) 
(d) 
(e) 
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2.3.2 Quantification of phenolic compounds 
 
The sequential method here described extracts from 1 kg of dried AP the equivalent to 
2.566 g of gallic acid, 6.696 g of quercetin and 837.0 mg of catechin (Fig. 2.2). Water 
first extracted 67 % of the total phenolic compounds, 72 % of the total flavonoids and 
51 % of PAC. This was followed by additional extraction of 17 % and 16 % TPC, 10 % 
and 18 % of TFC and 21 % and 28 % of the PAC when using 40 % methanol and 40 % 
acetone respectively. 
The results obtained for TFC in ME were lower than those obtained for AE though TPC 
was similar (p ≤ 0.05) to AE thus suggesting the extraction of other types of phenolic 
compounds. The higher TFC extracted with AE when compared to ME may be 
explained by the higher efficiency of flavonoid extraction as reported by Suárez et al., 
(2010) which could be flavanols as indicated by the higher values obtained for PAC. 
In this fractionation method, the first fraction using water extracted the highest amount 
of TPC, TFC and PAC. However, the subsequent extractions using aqueous solutions 
(40 %) of methanol and acetone continued to extract the remaining TPC, TFC and PAC 
in considerable amounts.  
 
2.3.3 Antioxidant capacity evaluation 
 
The % inhibition of DPPH after 30 min reaction with different concentrations of WE, 
ME and AE is presented in Fig. 2.3. The results showed that the more efficient extracts 
against DPPH radical scavenging activity were in the order of ME ≥ WE > AE.  
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Figure 2.2 – Mean of phenolic content determined as (a) TPC, (b) TFC and (c) PAC in 
water, methanol and acetone extracts. 
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Figure 2.3 – DPPH radical scavenging activity for different concentrations of water, 
methanol and acetone extracts using optimum conditions of RSM. 
 
The EC50 values were 94.1 ± 10.0 µg/mL for ME; 82.0 ± 8.0 µg/mL for WE and 115.4 ± 
18.0 µg/mL for AE. These results are quite low when compared to previously reported 
figures (6.33-15.72 mg/mL) for 80 % methanol extracts of AP (Cetkovic et al., 2008). 
The results suggest that extracts obtained in this study exhibit a high antioxidant 
capacity at lower concentrations. 
The results obtained for FRAP in WE, ME and AE showed that 1 kg of dried AP had 
FRAP equivalent to 1.718 g of ascorbic acid which is the equivalent to 1.169 g, 0.288 g 
and 0.261 g of ascorbic acid upon using water, methanol and acetone extraction, 
respectively (Fig. 2.4). ME and AE showed lower FRAP value than WE and between 
them (ME, AE) showed no significant differences (p ≤ 0.05). The total FRAP value was 
lower in comparison to other studies, where 70 % acetone extracts resulted in 4.1-14.5 g 
ascorbic acid/kg dried AP (Diñeiro García et al., 2009; Suárez et al., 2010) and 80 % 
methanol extracts resulted in 7.73 g ascorbic acid/kg dried AP (Suárez et al., 2010). The 
variations in the results could be due to the different methods of phenolic extraction. 
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Figure 2.4 – FRAP in water, methanol and acetone extracts using optimum conditions 
of RSM. 
 
The % of preservation of β-carotene in a β-carotene/linoleic acid system during 90 min 
reaction with WE, ME and AE is shown in Fig. 2.5. WE after 90 min reaction showed 
the highest β-carotene preservation capacity (60 %) when compared to ME and AE (25-
30 %).  
 
 
 
 
 
 
 
 
 
Figure 2.5 – β-carotene/linoleic acid system in water, methanol and acetone extracts 
using optimum conditions of RSM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
water extract methanol 40% 
extract
acetone 40% extract
g 
as
co
rb
ic
 a
ci
d/
 K
g 
dr
ie
d 
ex
tra
ct
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 
10 
20 
30 
40 
50 
60 
70 
0 20 40 60 80 100 %
 p
re
se
rv
at
io
n 
of
 !
-c
ar
ot
en
e 
Time (min) 
water extract methanol 40% extract acetone 40% extract 
 Chapter 2 – Paper I	  
	   77	  
The highest antioxidant capacity of WE measured by FRAP and β-carotene/linoleic acid 
system can be explained by the higher amounts of phenolic compounds found in WE. 
The similar results observed for DPPH in WE and ME suggest that the type of 
compounds extracted in the second step of the fractionation method are very efficient 
against DPPH radical scavenging activity. 
 
2.3.4 Identification of phenolic compounds by LC-ESI/MS 
 
Phenolic acids and flavonoids were the two main families of phenolic compounds 
identified in the AP extracts as reported in previous reports (Cam & Aaby, 2010; Cao et 
al., 2009; Cetkovic et al., 2008; Diñeiro García et al., 2009; Sanchez-Rabaneda et al., 
2004; Schieber et al., 2003; Suárez et al., 2010). Accurate mass measurements and 
tandem mass spectrometry were applied to identify each of the phenolic compounds 
(Table 2.3). Phenolic acids, in particular hydroxycinnamate derivatives (i.e. chlorogenic 
acid or caffeoylquinic acid and feruloylquinic acid), were found in WE and ME. This 
seems to be the first report that tentatively identified feruloylquinic acid in AP. 
Flavonoids in AP extracts were composed of 6 flavonols, 3 flavanols, 3 
dihydrochalcones and 1 flavone. However, all the compounds were distributed 
unequally in the three solvent extracts.  
 
	  
Table 2.3 – List of identified compounds in AP. 
Compound MW obs m/z calcd m/z major fragments m/z molecular formula 
Phenolic acids      
Hydroxycinnamic acids      
Chlorogenic acid ab 354 353.0872 353.0873 191.1, 179.0, 173.0 C16H18O9 
Feruloylquinic acid 368 367.1030 367.1029 179.0, 135.0 C17H20O9 
Flavonoids     
Flavonols      
Quercetinab 302 301.0341 301.0348 227.1, 151.1 C15H10O7 
Isorhamnetinab 316 315.0497 315.0505 300.0, 151.0 C16H12O7 
Quercetin 3-O-arabinosideab 434 433.0762 433.0771 300.1 C20H18O11 
Quercetin 3-O-glucosideab 464 463.0878 463.0877 300.0, 151.0 C20H18O11 
Quercetin-3-O-rhamnosideb  448 447.0925 447.0927 300.1, 151.0 C21H20O11 
Quercetin-3-O-rutinoside (rutin)ab  610 609.1456 609.1456 463.1, 300.1 C27H30O16 
Flavanols     
Epicatechin ab 290 289.0715 289.0712  C15H14O6 
Procyanidin dimer B1 or B2b 578 577.1334 577.1346 289.1, 407.1, 125.0 C30H26O12 
Procyanidin trimerab 866 865.1970 865.1980  C45H38O18 
Dihydrochalcones     
Phloretinab 274 273.0758 273.0763 273.1, 167.0 C15H14O5 
Phloridzinab 436 435.1287 435.1291 273.0, 167.0 C21H24O10 
Phloretin 2'-O-xylosil-glucosideb 568 567.1702 567.1714 273.1, 167.0 C26H32O14 
Flavones     
Kaempferolab 286 285.0392 285.0399 285.0 C15H10O6 
a confirmed with commercial standards; b already identified in AP
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In order to get an understanding of the major types of phenolic compounds extracted in 
the different sequential steps, a majority of the identified phenolic compounds were 
quantified using a set of standard calibrants described earlier in the materials and 
methods (section 2.2.6). Due to identical elution time, procyanidin trimer C was used as 
a calibrant for the quantification of procyanidin dimer B. Whilst for the quantification 
of feruloylquinic acid, a similar structure and the same class of the phenolic acids, i.e. 
chlorogenic acid was used as the calibrant. The results of the quantification study are 
presented on Table 2.4. The low and medium control standards in general showed an 
acceptable range of concentration except for those compounds with elution times close 
to one another and with broad peaks such as procyanidins/epicatechin and 
rutin/quercetin-3-O-glucoside. The findings from this quantification study showed that 
water is the best extractant for phenolic acids and epicatechin while 40 % methanol is 
best for extracting flavonols, flavones, and dihydrochalcones. The data further supports 
the previous reports where chlorogenic acid was observed as the main phenolic acid 
(Diñeiro García et al., 2009; Schieber et al., 2003; Suárez et al., 2010). The 
quantification results also showed that water was a poor extractant of flavonols. Instead 
40 % aqueous methanol (M40) proved to be the best solvent to extract those compounds 
after a previous extraction with water. This fact suggests that the flavonols are probably 
linked by hydrophobic interactions to the cell walls and thereforeare more difficult to 
extract from the AP with water. Conversely, epicatechin was found in high amount in 
the water extract while the polymers of procyanidins were present in water and 40 % 
acetone extracts at almost equal amounts. The findings confirm the ability of acetone to 
extract procyanidins efficiently (Suárez et al., 2010) and support the suggestion that 
water can also be a good solvent to extract those compounds.  
	  	  
Table 2.4 – Quantities of phenolic compounds in water extracts, 40 % methanol extracts and 40 % acetone extracts. 
Compound R2 Controls Water 
(µg/mL) 
M40  
(µg/mL) 
A40 
(µg/mL) Low µg/mL (expected) medium µg/mL(expected) 
Phenolic acids       
Hydroxycinnamic acids       
Chlorogenic acid 0.9908 3.5 (4.0) 5.5 (6.0) 7.28 5.32 ND 
Ferluoylquinic acid 0.9908 - - 2.83 1.69 ND 
Flavonoids  Total phenolic acids 10.11 7.01  
Flavonols       
Quercetin 0.9835 0.87 (0.8) 1.9 (1.5) 0.99 3.96 ND 
Isorhamnetin 0.9924 0.47 (0.4) 0.95 (0.8) ND 0.46 0.47 
Quercetin 3-O-arabinoside 0.9733 1.57 (1.6) 3.37 (3.0) ND 0.71 ND 
Quercetin 3-O-glucoside 0.9896 1.4 (1.6) 3.4 (3.0) 0.23 3.71 0.78 
Quercetin-3-O-rhamnoside 0.9854 3.88 (4.0) 8.14 (8.0) ND 2.88 ND 
Quercetin-3-O-rutinoside (rutin) 0.9722 1.59 (1.6) 3.71 (3.0) 1.57 8.92 1.51 
Flavanols  Total flavonols 2.79 20.64 2.76 
Epicatechin 0.9798 4.2 (4.0) 10.0 (8.0) 5.39 3.70 4.30 
Procyanidin dimer 0.9981 - - 6.99 ND 5.6 
Procyanidin trimer C 0.9981 4.8 (5.0) 11.2 (12.0) 2.84 ND 3.15 
Dihydrochalcones  Total flavanols 15.22 3.70 13.05 
Phloretin 0.9863 0.9 (0.8) 1.9 (1.5) ND 3.43 1.87 
Phloridzin 0.9777 0.86 (0.8) 2 (1.5) 0.61 2.38 ND 
Phloretin 2’-O-xylosil-glucoside - - - +++ ND + 
Flavones  Total dihydrochalcones 0.61 5.81 1.87 
Kaempferol 0.9863 0.9 (0.8) 1.8 (1.5) 0.21 1.98 0.36 
  Total flavones 0.21 1.98 0.36 
  Total flavonoids 18.83 32.13 18.51 
  Total phenolic compounds 28.94 39.14 18.51 
ND=not detected
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Only phloretin 2’-O-xylosil-glucoside could not be quantified due to the low level. 
However, its presence in water extracts was three times the amount present in the 40 % 
acetone extracts. Phloretin constituted the major form of the two dihydrochalcones 
quantified in AP and is in agreement with the findings from other authors (Diñeiro 
García et al., 2009; Schieber et al., 2003; Suárez et al., 2010). 
The other interesting observation from the quantification studies is that the phenolic 
acids and flavanols in Table 2.4 showed a similar trend to the TPC and PAC 
respectively (data shown in Fig. 2.2). The only major difference was that the TFC in 
WE (Fig. 2.2b) was highest in contrast to the low levels of flavonol- mono-glycosides 
of the same WE compared to those in the ME and AE. One viable argument could be 
that the TFC represents generally the aglycone flavonoids. 
Water was shown to be the best solvent to extract hydroxycinnamic acids and flavanols 
and showed reasonable extracting abilities for dihydrochalcones and flavones present in 
AP. However, the subsequent extractions with aqueous solutions of methanol and 
acetone maximise the extraction of the same compounds especially flavonols and 
flavanols. 
 
2.4. Conclusion 
 
Phenolic compounds with antioxidant capacity from AP, mainly phenolic acids and 
flavonoids, are readily extracted with water and food-friendly aqueous organic 
solutions. Water was shown to be a good solvent to extract a considerable amount of 
phenolic compounds present in AP and the major compounds extracted were 
chlorogenic acid, epicatechin and procyanidin dimer. Feruloylquinic acid has been 
tentatively identified for the first time in AP. Water is environmentally friendly and 
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cheap and makes it ideal solvent for the extraction of AP phenolic compounds with 
good antioxidant activities. However, in order to maximise the recovery of phenolic 
compounds from AP, the subsequent use of aqueous organic solvents such as methanol 
and acetone is suggested. The use of 40 % aqueous methanol and acetone proved to be 
the better extractants for flavonols. Nevertheless, the content of organic and less 
environmentally friendly solvents can be minimised to 40 % unlike previously reported 
usage of as high as 70 % acetone and 80 % methanol. 
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Addendum 
Phenolic compounds are one of the relevant bioactive compounds from AP due to the 
correlation reported between AP phenolic extracts or individual AP phenolic 
compounds and antioxidant capacities measured by different methods (Cetkovic et al., 
2008). Thus, extraction of phenolic compounds from AP by an environmental friendly 
method is one of the objectives of this study for the generation of nutraceutical 
ingredients and to establish a routine method of analysis when phenolic compounds 
from AP are involved in this thesis. 
Looking to the background, AP phenolic compounds are widely studied (Adil et al., 
2007; Cam & Aaby, 2010; Cetkovic et al., 2008; Diñeiro García et al., 2009; Foo & Lu, 
1999; Lu & Foo, 1997; Lu & Foo, 2000; Sanchez-Rabaneda et al., 2004; Schieber et al., 
2003; Suárez et al., 2010; Wijngaard & Brunton, 2009). Different extraction strategies 
were reported and several compounds were identified or tentatively identified. 
Environmentally friendly methods were recently but scarcely reported and most of these 
reports focused on the maximum recovery and identification of the compounds (Adil et 
al., 2007; Cam & Aaby, 2010; Wijngaard & Brunton, 2009). In an attempt to find 
novelty in the subject, the paper presented did not look to the maximum recovery of the 
phenolic compounds from AP but to the efficiency of water in the generation of 
phenolic extracts with significant antioxidant capacities. The paper was based on the 
hypothesis “Is water at room temperature an enough solvent to generate phenolic 
extracts with significant antioxidant capacity?” 
Preliminary results showed that due to the high water holding capacity of the matrix the 
efficiency of the extraction was dependent on the efficiency of the filtration steps. The 
yields obtained were highly affected, however the phenolic content was constant. Due 
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to this fact it was not possible to predict a quadratic model for yields of extraction with 
water and phenolic content and thus maximum recovery was not assured. This was not a 
problem since maximum recovery was not the aim of the paper and the extraction 
efficiency with water was still able to evaluate by the analysis of the resulting residue 
after extraction with water. The residue left was then extracted with methanol, a solvent 
of medium polarity that is usually reported as extraction solvent of AP phenolic 
compounds. After this, the residue left from methanol extraction was also extracted with 
acetone, a solvent of medium polarity but with lower polarity than methanol and also 
frequently reported as extraction solvent of AP phenolic compounds. No other solvent 
with lower polarity than acetone was used because the yields obtained were very low, 
especially for the highest concentration of acetone. The extractions were done with 
different concentrations of methanol and acetone since no standard method is described 
in literature and the aim was to choose the extracts with the highest antioxidant 
capacity. This approach also allowed the evaluation of the efficiency of water 
extraction, to see if there were remaining polar compounds in the matrix. The best 
concentration and conditions were chosen in these extractions to assure extracts with 
high antioxidant capacities. 
For the correct comparison of the three resultant extracts in terms of phenolic content 
and antioxidant capacities, a SPE was performed to select the organic compounds from 
the crude extract and remove other constituents such as sugars that will interfere with 
the following assays. This step brings some limitations: loss of some compounds in 
particular the most polar ones and the enrichment of the extract in these compounds 
when comparing to the crude extract. These limitations are not of concern when 
comparing the three extracts affected by the same treatment, however one must be 
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careful when comparing results of other authors, as the quantities of phenolics presented 
are not a true reflection of the quantities in the crude extract. 
The content of phenolic compounds was determined first by rough methods, which may 
easily lead to erroneous results, and further assessed by an accurate methodology. PAC 
followed the same trend as observed by LC-ESI/MS, however TFC trend was not the 
same as the one obtained with LC-ESI/MS. TFC results were only expressed in 
quercetin equivalents, a standard curve with quercetin glucosides should also have been 
done to overcome this erroneous result. Also, TPC follows the same trend observed for 
phenolic acids but not for the sum of all phenolic families. Standard curves for each 
family group in TPC, and for different type of compounds in the same family in the 
case of TFC and PAC would have led to fewer differences with the LC-ESI/MS results. 
The antioxidant results obtained for each extract when compared to the results of other 
authors, requires some attention due to the limitations previous described. The lower 
values of EC50 obtained for the three extracts in comparison with literature is explained 
by the enrichment of the extracts with the SPE step. The FRAP results were expressed 
per Kg of AP, which overrides the limiting effect of enrichment of the extract caused by 
SPE. In literature crude extracts were analysed and in this study one purity step was 
added to the crude extracts. It is well known that in crude extracts are present other 
compounds than phenolics that strongly affect the antioxidant results and probably 
some loss of phenolics have occurred with SPE. Thus explaining the contradictory 
FRAP results obtained. 
The phenolic mixture obtained with water extraction presented similar or higher 
antioxidant capacities than the optimised phenolic mixtures obtained in the sequential 
extractions with aqueous solutions of methanol and acetone. The major family of 
compounds extracted with water were phenolic acids and flavanols. Flavonols, 
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dihydrochalcones and flavones were major extracted in the sequential extraction with 
40% methanol but more of the same compounds identified in water extracts were 
extracted too, which means that due to the high water holding capacity of AP some 
amount of phenolic compounds stay trapped in the matrix after water extraction. The 
aqueous solutions of organic solvents help those compounds to be released and extract 
other compounds of lower polarity not able to be extracted with water.  
This study showed that phenolic extracts with antioxidant capacities are obtained with a 
simple extraction with water. However, in order to maximise the antioxidant potential 
that AP can provide, sequential extractions with decreasing polarity of organic solvents 
should be performed. Extractions of 40 % methanol and 40 % acetone proved to be the 
best for obtaining sequential phenolic extracts with the highest antioxidant capacity.  
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Abstract 
Extruded snacks and baked scones were formulated with increasing levels (0-30 %) of 
apple pomace (AP). The incorporation of up to 20 % of AP in extruded snacks and in 
baked scones does not change significantly (p < 0.05) the proximate composition of the 
final products, except for the content of starch of baked scones. At this level of 
incorporation the fibre content, phenolic content and antioxidant capacity (DPPH 
radical scavenging activity, ferric reducing antioxidant power (FRAP) and β-
carotene/linoleic acid system) increased when compared to the products to which no AP 
was added. Chlorogenic acid and quercetin were the major phenolic compounds found 
in the products. Lower recovery of phenolic compounds during heat treatment occurred, 
however the DPPH radical scavenging activity of final products was not affected. 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Apple pomace; extrusion; baking; dietary fibre; antioxidants; LC-ESI/MS. 
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3.1. Introduction 
 
Apple pomace (AP) is the main by-product of cider processing and poses a serious 
environmental problem due to the large amounts (millions of tonnes in EU alone) 
produced every year. AP is composed mainly of carbohydrates and dietary fibre and 
small amounts of protein, fat and ash (Carson et al., 1994; Sudha et al., 2007; Wang & 
Thomas, 1989). AP is also a good source of phytochemicals primarily phenolic acids 
and flavonoids (Cetkovic et al., 2008; Diñeiro García et al., 2009; Lu & Foo, 2000; 
Sanchez-Rabaneda et al., 2004; Schieber et al., 2003). Some of the phenolic compounds 
identified in AP have been correlated with antioxidant capacities using various methods 
(DPPH, hydroxyl and superoxide anion radical scavenging activity, FRAP) and thereby 
confirming that the AP is a potential source of antioxidants (Cetkovic et al., 2008; 
Diñeiro García et al., 2009; Lu & Foo, 2000). The common uses of this by-product are 
direct disposal to soil in a landfill and for the recovery of pectins (gelling agent, 
stabiliser and source of dietary fibre). The very large volumes produced each year 
exceed existing uses and new applications for AP are required, and it may find use as a 
valuable food additive due to the high levels of fibre and antioxidants it contains.  
Functional foods reflect recent consumer interest in convenient food and healthy eating. 
The US Food and Drug Administration (FDA) suggest that functional foods are a food 
or food ingredients that may provide a health benefit beyond their nutritional content. 
Among the target compounds considered to be health benefiting for functional foods are 
dietary fibre and antioxidants (Goldberg, 1994). AP rich in fibre with significant 
amounts of antioxidants can be incorporated in the human food-chain in the expectation 
of generating new potential functional foods. 
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Extruded and baked snack products are predominantly made from cereal flour or 
starches and tend to be low in protein and thus have low nutritional value. The 
incorporation of enriched fibre flours with significant antioxidants is one way to 
improve the nutritional value of these snacks, which have been reflected in several 
previous studies using food by-products (Ainsworth et al., 2007; Ajila et al., 2010; 
Stojceska et al., 2008a; Stojceska et al., 2008b). Apple by-products have been 
investigated as a source of dietary fibre in baked muffins and cookies (Wang & 
Thomas, 1989) and also as a source of polyphenols in cakes (Sudha et al., 2007) and 
muffins (Rupasinghe et al., 2008). However, the few studies on baked products lack 
information regarding antioxidants and in addition, research on AP incorporation in 
extruded products has not been reported yet. In this study, the chemical composition and 
the antioxidant capacity of extruded and baked products that incorporate AP are 
presented. The influence of the processing in the nutritional quality of the products is 
also evaluated. 
 
3.2. Material and methods 
 
3.2.1 Chemicals 
 
All chemicals were purchased from Sigma-Aldrich (Wicklow, Ireland) except for 
hydrochloric acid that was purchased from AlfaAesar (Karlsruhe, Germany), sodium 
citrate tribasic dehydrate from AnalaR NORMAPUR® (VWR, Ballycoolin, Ireland) 
and sodium hydroxide from Applichem (Darmstadt, Germany). The solvents used for 
sample preparation for LC-MS studies were HPLC grade.  
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3.2.2 Apple pomace 
 
Apple pomace (AP) was provided by Bulmers Limited (Clonmel, Ireland). On arrival, 
the samples were packed under vacuum to prevent oxidation and fermentation and 
stored at -20 ºC until being freeze dried. The freeze dried AP was coarsely ground and 
passed through a 250 µm sieve and stored in vacuum packed polyethylene bags at -20 
ºC.  
 
3.2.3 Incorporation in extruded products 
 
Extruded products were prepared from blends of rice flour and wheat semolina in a ratio 
of (2:1) with different proportions (0, 10, 20 and 30 %) of AP on a dry weight basis. 
The samples were then conditioned to 15-20 % moisture by spraying with a calculated 
amount of water and were mixed continuously at medium speed in a mixer (Hobart 
Mixer, Model F-50, USA), followed by storage at 4 ºC overnight. Extrusion was 
performed in a single-screw, laboratory model extruder (Brabender, Duisburg, 
Germany) with a DCE 330 attachment consisting of three independent zones of 
controlled temperature in the barrel. The screw speed used was 60 rpm and the length to 
diameter (L:D) ratio for the extruder was 20:1. The temperature profiles in the feed and 
compression metering zones were kept constant at 110 and 150 ºC, respectively, and the 
die head temperature was 190 ºC. After stable conditions were established, the 
extrudates were collected and dried in air oven at 60 ºC for 1 h. Extruded material was 
coarsely ground and passed through a 250 µm sieve and stored at 4 ºC in polyethylene 
bags.  
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3.2.4 Incorporation in baked products 
 
Baked products were formulated as scones with Odlums Cream flour (Odlum Group, 
Dublin, Ireland) composed of 11 % protein, 13 % fat, 3.1 % fibre and 13 % moisture. In 
addition to Odlums Cream flour, the formulation also included baking powder (4.5 %), 
salt (0.25 %), caster sugar (6.0 %), margarine (17 %), eggs medium (32 %) and milk (41 
%). Odlums Cream flour was replaced with 10, 20 and 30 % of AP for the different 
incorporated products. Baking was performed at 220 ºC for 16 min. The baked products 
were coarsely ground and passed through a 250 µm sieve, freeze dried and stored in 
polyethylene bags at 4 ºC for further analysis. 
 
3.2.5 Chemical characterisation 
 
Moisture and ash contents were determined according to AOAC 925.10 and 923.03 
methods, respectively. Fat was determined by weight difference after extraction of the 
sample with diethyl ether (1:20; w/v) in a Soxhlet system for 8 h at 60 ºC. Protein was 
determined as total nitrogen content (N*6.25) using the Kjeldahl method following the 
AOAC 920.87 method. Starch was determined by amyloglucosidase/α-amylase method 
using Megazyme analysis kit (Megazyme International Ireland Ltd, Ireland) based on 
AOAC 996.11 method. Total dietary fibre (TDF) was determined using a Sigma-
Aldrich analysis kit based on AOAC 991.43 method. Protein and starch digestibility 
was determined according to methods previously described (Onyango et al., 2004). All 
measurements were carried out in triplicate. 
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3.2.6 Extraction of phenolic compounds 
 
The extraction of phenolic compounds followed the method described previously 
(section 2.2.3). Briefly, the freeze-dried and ground samples (3 g) were stirred with 40 
mL of water three times (40 min, 40 min, 10 min) at room temperature. In each 
extraction, the water extracts were filtered and the three filtrates obtained were 
combined. Solid phase extraction (SPE) with C18 cartridges (DSC-18, Supelco) was 
performed to select the organic compounds from the crude extract and to remove the 
sugars from each extract, which will otherwise interfere with the Folin assay. The 
sugars were eluted from the SPE cartridges with 300 mL of 2 % acetic acid and the 
phenolic-rich fraction was eluted with methanol containing 0.1 % HCl. The phenolic-
rich fraction was concentrated (by evaporation at 40 ºC), frozen (-70 ºC) and freeze-
dried.  
 
3.2.7 Determination of phenolic compounds 
 
Total phenolic content (TPC), total flavonoid content (TFC) and proanthocyanidins 
content (PAC) were determined according to section 2.2.4.  
 
3.2.8 Antioxidant capacity evaluation 
 
The antioxidant capacity was evaluated by the DPPH radical scavenging activity, ferric 
reducing antioxidant power (FRAP) and β-carotene/linoleic acid system (BCLAS) 
according to section 2.2.5. 
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3.2.9 Liquid chromatography – electrospray ionisation mass spectrometry (LC-
ESI/MS) 
 
LC-ESI/MS was performed on a Q-Tof Premier mass spectrometer (Waters Corp., 
Micromass MS Technologies, Manchester, UK) coupled to an Alliance 2695 HPLC 
system (Waters Corp., Milford, MA) as described previously in section 2.2.6.  
 
3.2.10 Statistical analysis 
 
All TPC, TFC, PAC, DPPH, FRAP and BCLAS measurements were carried out on 
three independent extractions and performed in triplicate for each extraction. All data 
were reported as mean ± standard deviation (SD). ANOVA one-way statistical analysis 
was carried out to determine significant differences between means. To assess which 
means were different from which other means, the Tukey method was used as an 
additional test to ANOVA. Differences were considered to be statistically significant at 
a 95 % confidence level (p ≤ 0.05). 
 
3.3. Results and discussion 
 
3.3.1 Chemical characterisation 
 
The significant differences observed in extruded and baked products with AP 
incorporation were the decrease in protein and starch contents while the TDF increased 
(Table 3.1).  
	  
Table 3.1 – Proximate composition of AP, incorporated AP in extruded and baked products and protein digestibility of incorporated AP 
products. 
 
  Moisture % Ash % Fat % Protein % Starch % TDF %  IVSP % NSI % IVISP % 
AP  8 ± 0.4 1 ± 0.2 2 ± 0.1 3 ± 0.1 8 ± 0.5 42 ± 1.4  — — — 
Extruded products 
0%  8 ± 0.01 0.4 ± 0.1 tr 11 ± 0.04 72 ± 5.4 7 ± 0.3  71 ± 3.1 10 ± 0.9 67 ± 3.6 
10%   8 ± 0.1 0.4 ± 0.02 0.1 ± 0.02 10 ± 0.02 70 ± 2.2 9 ± 0.7  60 ± 6.8 9 ± 0.8 55 ± 7.8 
20%  6 ± 0.1 0.4 ± 0.01 0.2 ± 0.02 10 ± 1.2 63 ± 1.3 12 ± 0.5   51 ± 9.0 5 ± 0.3 47 ± 9.3 
30%   6 ± 0.1 0.5 ± 0.1 0.2 ± 0.02 9 ± 0.2 56 ± 0.8 13 ± 1.0   35 ± 3.5 8 ± 0.4 29 ± 5.2 
Baked products 
0%   2 ± 0.4 3 ± 0.03 13 ± 0.02 14 ± 1.8 61 ± 2.7 8 ± 0.05   87 ± 7.7 11 ± 2.3 85 ± 13 
10%   2 ± 0.1 3 ± 0.02 13 ± 0.1 12 ± 0.02 50 ± 3.0 12 ± 0.1   83 ± 6.3 12 ± 0.3 81 ± 10 
20%   3 ± 0.1 3 ± 0.2 13 ± 0.5 12 ± 0.2 27 ± 2.2 15 ± 0.1   81 ± 5.3 13 ± 1.1 76 ± 6.0 
30%   3 ± 0.1 3 ± 0.1 13 ± 0.8 11 ± 0.2 34 ± 1.8 18 ± 0.2   74 ± 5.5 13 ± 0.2 73 ± 4.7 
TDF- Total dietary fibre; tr- traces; IVSP- in vitro soluble protein digestibility; NSI- nitrogen solubility index; IVISP- in vitro insoluble protein digestibility 
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The decrease in protein and starch, can be attributed to the partial replacement of the 
flour mixture by AP, since the flour mixture in both extruded and baked products is 
richer in protein and starch than AP. TDF of AP-incorporated extruded products 
increased 1.8 fold with 30 % AP incorporation. However, the recovery of TDF in final 
products was 0.64 for 10 and 30 % AP addition and 0.76 for 20 % AP addition (Table 
3.2).  
 
Table 3.2 – Quantities of TDF expected and observed in incorporated AP extruded and 
baked products and their respective recoveries. 
 
  Total dietary fibre (TDF) 
  expected % observed % Recovery % 
Extruded products 
10%  4.2 2.7 64 
20%  8.4 6.4 76 
30%  12.6 8.1 64 
Baked products 
10%  4.2 4.8 114 
20%  8.4 8.6 102 
30%  12.6 12.4 98 
 
It is likely that extrusion is promoting polymerisation reactions between 
polysaccharides and proteins or phenolic compounds as suggested by Onyango et al. 
(2004), Stojceska et al. (2008) and Ajila et al. (2010) thus affecting the recovery of 
TDF. For 30 % AP incorporation in baked products a 2.3 fold increase was observed in 
TDF and total recovery was obtained for all levels of AP incorporation. Wang and 
Thomas (1989) also observed 1.6 fold increase in TDF in moon cookies where the 
quick-cooking oats used in the filling were substituted by 40 % AP. Interestingly, Sudha 
et al. (2007) observed a substantially high (30 fold increase) TDF upon 25 % AP 
incorporation in cakes. This high increase is probably due to variations in the size of the 
ground powder of AP used to mix in with the flour, since reducing particle size 
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increases surface area thus enhancing nutrients extraction. Other possible explanations 
for the Sudha et al. (2007) result can be to differences in AP fibre composition and 
processing parameters used in the formulation of the baked products. However it was 
never reported such a high difference due to these parameters. 
In vitro soluble (IVSP) and insoluble (IVISP) protein digestibility in extruded products 
showed a significant decrease upon 20% incorporation of AP (Table 3.1). A reduction 
of 50 % in IVSP and 57 % in IVISP was observed with the incorporation of 30 % of AP 
in comparison to the control sample (0 % AP).  
The low protein digestibility has been attributed to possible changes in the proteins 
during cooking such as the formation of enzyme-resistant complexes due to interaction 
between the proteins and non-starch polysaccharides, polyphenols, starch and 
antinutrients (Onyango et al., 2004; Stojceska et al., 2008a). It is possible that adding 
AP with high content of dietary fibre and polyphenols has promoted the formation of 
complexes resistant to pepsin action as indicated earlier for the TDF recoveries (Table 
3.2). Baked products showed no significant differences for IVSP and IVISP between 
control and AP incorporated products (Table 3.1). The nitrogen solubility index (NSI) 
indicates the level of protein solubility in water, which gives an indication of the extent 
of protein denaturation (Onyango et al., 2004). In extruded products the NSI decreased 
significantly by 23 % with the addition of 30 % AP (Table 3.1). It implies that 
polymerisation, cross-linking and reorientation of the proteins to form new fibrous 
structures must have occurred as postulated by Onyango et al. (2004). In baked products 
NSI results showed a significant increase of up to 16% with the addition of 30 % AP 
(Table 3.1) indicating that protein denaturation has actually occurred. Starch 
digestibility showed a significant decrease upon the addition of 30 % AP in extruded 
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products, however no significant changes were recorded for the additions of AP in 
baked products (Appendix II).  
The incorporation of AP in extruded and baked products does not compromise the 
nutritional value of the final products but improves it by increasing the overall fibre 
content. However, for the 30 % AP incorporation in extruded products, the results 
indicate the formation of enzyme-resistant complexes, which contributes to up to 50 % 
decrease in protein digestibility. 
 
3.3.2 Determination of phenolic compounds 
 
The incorporation of AP in extruded and baked products significantly increased TPC, 
TFC and PAC when compared to the control (Fig. 3.1). The best results in extruded 
products were obtained for 30 % AP incorporation resulting in 2.8, 4.0 and 1.8 fold 
increases in TPC, TFC and PAC respectively. In baked products the best results were 
obtained for 20 % AP incorporation with an increase of 3.3, 4.0 and 3.1 fold for TPC, 
TFC and PAC respectively. 
The quantities of TPC, TFC and PAC expected and observed for each percentage of AP 
incorporation and their recoveries are shown in Table 3.3. The expected results were 
calculated considering the TPC, TFC and PAC results obtained for AP reported in 
section 2.3.2 and the respective proportion of AP incorporated. Overall, the recoveries 
obtained showed a decreasing trend with the increase of AP incorporation. It is likely 
that polymerisation was promoted by heat treatment, as also seen in section 2.3.1, which 
affected the extractability of such compounds, and the more phenolic compounds were 
incorporated, the higher was the polymerisation.  
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Figure 3.1 – Mean of phenolic content determined as (a) TPC, (b) TFC and (c) PAC 
and of antioxidant capacity measured by (d) DPPH radical scavenging activity, (e) 
FRAP and (f) β-carotene/linoleic acid system in AP-incorporated extruded and baked 
products. 
 
 
Moreover, it was observed that TFC and PAC recoveries were lower than TPC 
recoveries for all the levels of incorporation. For 30 % AP incorporation in extruded 
products, TPC recovery was double that of TFC and PAC recoveries. This observation 
suggests that losses of flavonoids have occurred due to heat processing, and that other 
compounds were compensating for TPC from the losses of flavonols and flavanols, 
probably thermally induced degradative products of phenolic origin.  
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Table 3.3 – Quantities of TPC, TFC, PAC, DPPH, FRAP and BCLAS expected and observed in incorporated AP extruded and baked products 
and their respective recoveries. 
 
  TPC  TFC  PAC  
  expected observed recovery  expected observed recovery  expected observed recovery  
 µg gallic acid/g DW %  µg quercetin/g DW %  µg catechin/g DW %  
Extruded products 
10 %  170 185 109  480 460 96  43 37 86  
20 %  340 287 84  960 487 51  86 26 30  
30 %  510 413 81  1440 671 47  129 53 41  
Baked products 
10 %  170 90 53  480 278 58  43 7 17  
20 %  340 249 73  960 475 49  86 35 41  
30 %  510 274 54  1440 550 38  129 22 17  
              
   DPPH    FRAP    BCLAS   
  expected observed recovery  expected observed recovery  expected observed recovery  
 % inhibition %  µg ascorbic acid/g DW %  % preservation %  
Extruded products 
10 %  10 34 341  120 144 120  6 4 67  
20 %  20 54 268  240 216 90  12 7 58  
30 %  30 66 219  360 256 71  18 6 33  
Extruded products 
10 %  10 12 125  120 46 38  6 6 102  
20 %  20 26 131  240 156 65  12 6 52  
30 %  30 33 110  360 182 51  18 9 52  
TDF- Total dietary fibre; TPC- Total phenolic content; TFC- Total flavonoid content; PAC- Proanthocyanidins content; DPPH- 2,2-Diphenyl-1-picrylhydrazyl radical scavenging activity; FRAP- Ferric 
reducing antioxidant power; BCLAS- β-carotene/linoleic acid system
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Rupasinghe et al. (2008) observed losses of flavonoids after the incorporation of 32 % 
of apple skin powder in muffins, whilst the TPC was 3 fold higher than the control, and 
suggested that quercetin-glycosides were partially converted to quercetin aglycone due 
to thermohydrolysis or deglycosilation.  
 
3.3.3 Antioxidant capacity evaluation 
 
The incorporation of AP significantly improved the antioxidant properties of the 
extruded and baked products when compared to the control (Fig. 3.1). Incorporation of 
30 % AP increased 2.8 and 1.6 fold the DPPH radical scavenging activity, 5 fold FRAP 
and 6 and 1.5 fold the preservation of β-carotene in a linoleic acid system in extruded 
and baked products, respectively.  
The calculated recoveries of DPPH, FRAP and BCLAS are presented in Table 3.3 and 
the expected values were calculated according to the values obtained for AP in section 
2.3.3 in addition to the respective proportion of AP incorporated. The recoveries 
obtained for DPPH, up to 300 % in extruded products, together with the loss observed 
in phenolic compounds with increasing levels of AP incorporation, clearly show that 
compounds other than phenolics affected the DPPH radical scavenging activity. This is 
strong evidence that these compounds are probably the well-known Maillard reaction 
products, already known as a result of the extrusion process (Singh et al., 2007) and 
often related with high scavenging activities (Amarowicz, 2009). A slight decrease in 
FRAP recoveries in extruded products were observed upon AP incorporation, and 
comparing with TPC results, it seems that FRAP is reflecting the antioxidant capacity 
from the recovered phenolic compounds. FRAP recoveries in baked products increased 
with the addition of AP but declined upon 30 % AP incorporation, following the trend 
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of TPC and PAC recoveries thus suggesting, as in extruded products, that the 
antioxidant activity measured by FRAP is influenced only by the recovered phenolic 
compounds. BCLAS recoveries in extruded products were the lowest, however they 
were very close to the recoveries obtained for TFC and PAC. In baked products BCLAS 
recoveries decreased up to 50 % upon addition of 20 % AP. A study by Lu et al. (2000) 
had shown that there is a direct correlation between the lower molecular weight 
procyanidins and quercetin glycosides and the excellent activity measured by the β-
carotene/linoleic acid assay. 
The incorporation of AP in extruded and baked products significantly increased the 
antioxidant activity measured by the DPPH radical scavenging activity, FRAP and β-
carotene/linoleic acid system when compared to the control. However, these properties 
are not only influenced by the phenolic content but by new products generated by heat 
treatment, and from the high scavenging activity observed in extruded products, most 
likely due to Maillard reaction products (Amarowicz, 2009). 
 
3.3.4 Identification of phenolic compounds by LC-ESI/MS 
 
For all levels of AP incorporated in extruded and baked products, three polyphenols 
namely chlorogenic acid, quercetin and phloretin were identified (Fig. 3.2). With the 
increasing percentage of AP incorporation, the intensity of the chlorogenic acid and 
quercetin peaks also increased. Phloretin in extruded products declined with 30 % AP 
incorporation but in baked products it increased with the different levels of AP 
incorporation. There were three other major peaks, which could not be identified. One 
peak resulting from very polar compounds (peak X) most likely dominated by sugar 
molecules was present in all incorporated products. Unknown peak Y exclusively 
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present in the extruded products with the exact mass of 188.0968 Da gave a molecular 
formula of C9H16O4. Whilst the unknown peak Z exclusively in the baked products with 
a molecular weight of 742 Da was prominent at 10 % AP incorporation and its intensity 
decreased with increasing levels of AP incorporation. These three unidentified peaks 
must have originated from the non-AP matrix or from the chemical interaction between 
the AP matrix and other ingredients used in extrusion and baking products.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 – LC-MS chromatograms of (a) 10 %, (b) 20 % and (c) 30 % AP 
incorporation in extruded products and (d) 10 %, (e) 20 % and (f) 30 % AP 
incorporation in baked products. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00
Time0
100
%
0
100
%
0
100
%
Chlorogenic
acid Quercetin
Phloretin
(a)
(b)
(c)
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00
Time0
100
%
0
100
%
0
100
%
(d)
(e)
(f)
X 
Y 
Z 
 Chapter 3 – Paper II	  
	   104	  
On close scrutiny of the LC-MS data, other polyphenols such as feruloylquinic acid 
(([M-H]- at m/z 367.118), isorhamnetin (([M-H]- at m/z 315.067), phloridzin (([M-H]- at 
m/z 435.178) and kaempferol (([M-H]- at m/z 285.06) were also observed (Fig. 3.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 – Extracted ion chromatograms of feruloylquinic acid (368 Da), 
isorhamnetin (316 Da), phloretin (274 Da), phloridzin (436 Da), kaempferol (286 Da) 
and quercetin-O-glucoside (464 Da) in (a) extruded and (b) baked products with 30 % 
AP incorporation. 
 
AP-incorporated extruded and baked products showed very little presence of the 
glycosidic forms of quercetin and phloretin, and all flavanols as illustrated by the 
extracted ion chromatogram for quercetin-O-glucoside ([M-H]- at m/z 463.09) in Fig. 
3.3. As extraction conditions were not optimised, the lower recoveries of these 
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compounds due to the heat treatment cannot be assure. However, the increasing 
intensities of chlorogenic acid and quercetin may explain the thermally induced 
degradative products of phenolic origin suggested in section 3.3.2. This is a strong 
evidence that loss of phenolic compounds due to heat treatment may have occurred. A 
similar observation was made by Rupasinghe et al. (2008) after the incorporation of 
apple skin powder in baked muffins, as poor recovery of individual polyphenols was 
observed upon heat treatment. It was suggested that thermohydrolysis or 
deglycosylation of the glycosides of quercetin and phloretin during heat treatment could 
result in significant increases in quercetin and phloretin aglycones (Rupasinghe et al., 
2008). 
The LC-MS data is in agreement with the results obtained for TFC, PAC and BCLAS 
described earlier (sections 3.3.2 and 3.3.3). The low signal detected for flavanols and 
quercetin glycosides was reflected in TFC, PAC and β-carotene/linoleic acid system 
recoveries. 
The antioxidant activities of AP-incorporated products (section 3.3.3) showed a direct 
relation with phenolic compound recovery, despite the presence of other compounds 
affecting the DPPH radical scavenging activity. The fact that the identified phenolic 
compounds affect positively the antioxidant capacity, is in line with reported studies for 
chlorogenic acid and phloridzin (Cetkovic et al., 2008; Diñeiro García et al., 2009; Lu 
& Foo, 2000). 
 
3.4. Conclusion 
 
AP from a chemical and nutritional point of view can be incorporated in extruded and 
baked products increasing the fibre content and the antioxidant properties of the final 
 Chapter 3 – Paper II	  
	   106	  
products. Thus, AP can be used as an ingredient for the development of functional 
foods. However, sensory and acceptability studies should be performed on the extruded 
snacks and the scones with up to 20 % addition of AP. Following the acceptability of 
final products, in vitro studies and dietary human studies would be required to confirm 
that the fibre and antioxidant properties conferred by AP incorporation can confer 
health promoting properties, thus showing that AP can be used as an ingredient for the 
development of functional foods. 
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Addendum  
The incorporation of AP flour into starch-based foods is expected to improve the 
content of fibre and antioxidant properties and consequently improving the nutritional 
content of these foods (Rupasinghe et al., 2008; Sudha et al., 2007; Wang & Thomas, 
1989). Since fibre and antioxidants are targets for functional foods because they may 
provide a health benefit (Goldberg, 1994), AP is also expected to be a functional 
ingredient. However, there is no claim approved by EFSA for the antioxidants and fibre 
that AP contains. To consider AP as a functional ingredient several studies need to be 
performed: (1) preliminary results for establishing the possible levels of AP 
incorporation from a chemical and nutritional point of view, (2) sensory and 
acceptability studies, (3) in vitro studies and (4) dietary intervention studies and health 
effects in humans. 
The paper previously presented intends to meet the first series of procedures and was 
based in the following hypothesis “Incorporation of AP will improve the fibre content 
and antioxidant properties of extruded and baked snacks, not affecting their nutritional 
value?”  
The strategy adopted to answer to the formulated hypothesis was the determination of 
fibre content and antioxidant properties in prototypes with different levels of AP 
incorporation and comparison to a product with no AP added (control). Phenolic 
compounds were monitored to check the influence on the antioxidant properties of the 
incorporated products. Extraction of phenolic compounds was not optimised for the 
matrix concerned and maximum recovery of compounds cannot be assured. However, 
the use of the same extraction method for all the products analysed allows the 
comparison between controls and incorporated products. This drawback affects 
 Chapter 3 – Paper II	  
	   108	  
particularly TPC, TFC and PAC results presented in Table 3.3 on the paper, because the 
quantities observed may not be the real ones, since the procedure has not been 
optimised. However, observations between the levels are accurate since all the levels 
are affected by the same error. 
The results obtained in the paper allowed the set up of a maximum level of addition of 
AP. An addition of up to 20% of AP increases the fibre content and the antioxidant 
properties without compromising the nutritional content of extruded and baked 
prototypes. The increase of antioxidant properties was influenced by the phenolic 
content added to the products but also by other compounds produced as a result of the 
processing. 
The presence of the Maillard reaction products (MRP) was suggested based on the 
results observed and results reported in literature, however these products were not 
determined by any procedure and their presence is just a suggestion. This suggestion is 
based in the fact that heat treatment promotes the non-enzymatic reactions between 
reducing sugars and aminoacids, peptides and proteins, and on the observation of high 
values of DPPH observed.  The antioxidant properties of MRP are well described in in 
vitro model systems (Amarowicz, 2009). Several model systems generators of different 
MRP were reported and it was observed different performances in different in vitro 
antioxidant capacity assays. Heating glucose-lysine mixtures for MRP generation 
increased the retardation of lipid peroxidation by BCLAS, showed moderate DPPH-
radical scavenging activity and no correlation with iron binding affinity (FRAP). 
Glucose-cisteyne model system for the generation of MRP showed marked DPPH 
scavenging activity due to the sulfhydryl group of cisteyne and very good copper 
chelating properties. The different performance of the same group of MRP to different 
in vitro antioxidant methods may explain the DPPH radical scavenging activity 
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observed not reflected in FRAP (section 3.3.3). Also, the different performance of 
different groups of MRP to the same in vitro antioxidant method may suggest the 
presence of different types of MRP in extruded and baked products, since different 
results were obtained for the antioxidant capacity methods analysed. This is also 
corroborated by the fact that protein degradation took place in baked products but not in 
extruded products, probably promoting a different variety of MRP in the products.  
Other reactions were suggested in the paper that may have occurred, generating also 
other compounds that may have affected or not the antioxidant properties of the final 
prototypes. Polymerisation reactions between fibre and protein may have occurred, only 
observed for extruded products on high levels of incorporation (probably due to the low 
levels of protein present in AP). This may suggest that the mechanical shear influences 
this type of reactions.  Polymerisation reactions between phenolics and other nutrients 
or even other phenolics may have also occurred, thus explaining the decreasing 
recoveries with the increasing levels of AP incorporation in both extruded and baked 
products. Conversion of phenolic glycosides into their respective aglycones occurred in 
both processes. 
The phenolic compounds identified by LC-ESI/MS in the products were major 
chlorogenic acid, quercetin and phloretin. The conversion of phenolic glycosides into 
their respective aglycones is the possible explanation for this occurrence since the major 
glycosides found in AP are mostly quercetin glycosides and phloretin glycosides (Table 
1.3). Chlorogenic acid is the ester of caffeic acid and quinic acid, caffeic acid and its 
glycosides and derivatives of quinic acid were described as being part of the phenolic 
composition of AP (Table 1.3). Thus suggesting that intensities of chlorogenic acid may 
have been promoted by heat treatment. In the LC-ESI/MS chromatogram were also 
present three unidentified peaks, one common to extruded and baked prototypes (X), 
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other exclusive of extruded prototypes (Y) and another exclusive of baked prototypes 
(Z). These compounds are not present in the chromatograms of the products with no 
addition of AP (Appendix III), which means that peak X is originated in the AP matrix 
most likely to be sugar molecules. Peak Y and Z are probably originated by chemical 
interactions between the AP matrix and other ingredients used in extrusion and baking, 
not affected by the addition of AP. 
The paper findings are preliminary results to be used on further sensory and 
acceptability studies, that precedes the in vitro studies and dietary intervention in 
humans. 
Sensory and acceptability studies should be performed in a maximum range of 20 % AP 
addition. It is not expected that the maximum level would be accepted, since these 
products presented considerably changes in appearance and texture, which is expected 
when adding an ingredient with high content of fibre. However the maximum level is 
necessary for a conclusive study, thus it is suggested additions of 5, 10, 15 and 20 % of 
AP for the following sensory and acceptability studies. 
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ANTIOXIDANT CAPACITY, ARABINOXYLANS 
CONTENT AND IN VITRO GLYCAEMIC INDEX  
OF CEREAL-BASED SNACKS INCORPORATED 
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Abstract 
Extruded snacks and breadsticks were formulated with increasing levels of brewer’s 
spent grain (BSG). The phenolic content increased by 4 and 7 fold with BSG addition in 
extrudates (40 %) and in breadsticks (35 %), respectively. Consequently, antioxidant 
capacity (DPPH, FRAP) also increased despite a recorded loss of phenolic compounds 
in extruded snacks. Arabinoxylans content increased in extruded snacks and breadsticks 
with up to 20 and 25 % addition of BSG, respectively. Further addition of BSG did not 
improve the content of arabinoxylans due to the possible formation of polysaccharide-
protein complexes. Medium GI breadsticks were obtained with 35 % BSG 
incorporation. Phenolic content, arabinoxylans content and antioxidant capacity 
increased in the final products with BSG addition while the glycaemic response 
decreased. BSG can be incorporated as an ingredient in the formulation of extruded 
snacks and breadsticks generating products richer in antioxidants and fibre and with 
lower GI. 
 
 
 
 
 
 
 
 
Keywords: Brewer’s spent grain; cereal-based snacks; antioxidant capacity; 
arabinoxylans; glycaemic index. 
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4.1. Introduction 
 
Busy lifestyles and the increasing demand from consumers for meals and snacks that are 
quick sources of good nutrition have prompted the food industry to develop foods like 
ready-to-eat snacks that combine convenience and nutrition. Consumers demand 
nutritious, convenient, tasty snacks that satisfy their hunger temporarily until the next 
meal. Four in ten consumers are looking for snacks that provide a health benefit beyond 
basic nutrition and similarly, due to the increase in the incidence of multi-tasking while 
eating, there has been upsurge in demand for “on-the-go” handheld snacks (Sloan, 
2011). Efforts are being made to improve snack food nutritional value via the 
modification of their nutritive composition (Ainsworth et al., 2007; Ajila et al., 2008; 
Stojceska et al., 2008a; Stojceska et al., 2008b; Sun-Waterhouse et al., 2010).  
Brewer’s spent grain (BSG) is the most abundant brewing by-product amounting to 
around 85 % of total by-products generated by the brewing industry (Mussatto et al., 
2006). BSG is the residue left after separation of the wort (fermentation medium to 
produce beer) during the brewing process (Santos et al., 2003). Million of tonnes of 
BSG are produced annually across Europe, and common applications are the direct 
disposal to soil, in a landfill or use as an animal feed which are not sufficient to drain 
the several tonnes produced per year (Mussatto et al., 2006).  
In general BSG is considered as a lignocellulosic material rich in protein and fibre, 
which accounts for 20 and 70 % of its proximate composition, respectively (Mussatto et 
al., 2006).  
The fibre consists of cellulose (17 g/100 g BSG), non-cellulosic polysaccharides namely 
arabinoxylans (28 g/100 g BSG) and lignin (28 g/100 g BSG). The monosaccharide 
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analysis of the non-cellulosic polysaccharide fraction shows it is composed of xylose, 
glucose, arabinose, galactose and mannose (Mussatto et al., 2006). The pentose sugar 
residues, arabinose and xylose are the main components due to the presence of the 
arabinoxylans (Santos et al., 2003). Arabinoxylans possess a β-D-(1è4)-linked-
xylopyranosyl backbone substituted with α-L-arabinofuranosyl residues. The degree of 
arabinoxylan substitution is usually evaluated by the arabinose/xylose ratio, which is 
typically in the range of 0.4-0.7. The arabinose molecules may be esterified with 
hydroxycinnamic acids, monomeric or dimeric ferulic acid and p-coumaric acid 
(Bartolomé et al., 2002; Jay et al., 2008; Mussatto et al., 2006; Vanbeneden et al., 
2007). Ferulic and p-coumaric acids bound to the cellular walls of the germinated barley 
grains were suggested as very interesting potential antioxidants (Maillard & Berset, 
1995). Arabinoxylans isolated from cereals have been related to the prevention and 
treatment of obesity, cholesterol, gastrointestinal cancer and diabetes (Broekaert et al., 
2011; Neyrinck et al., 2011). 
Due to its relatively low cost and potential nutritional value, BSG has been considered 
as an attractive adjunct for human food as an alternative application to animal feed or 
deposition in landfills. Its dietary fibre and protein-rich flours have been used as 
ingredients in baking and extrusion processes (Ainsworth et al., 2007; Ajanaku et al., 
2011; Ktenioudaki et al., 2012; Ktenioudaki et al., 2013; Öztürk et al., 2002; Prentice & 
D'Appolonia, 1977; Prentice et al., 1978; Steinmacher et al., 2012; Stojceska et al., 
2008b).  
The glycaemic index (GI) is used to classify foods on the basis of their postprandial 
blood glucose response (Goñi et al., 1997). Foods with high GI are those rapidly 
digested and absorbed resulting in marked fluctuations in blood glucose levels and 
greater insulin demand. Low GI foods are slowly digested and absorbed, resulting in a 
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gradual rise in blood glucose and insulin levels (Augustin et al., 2002). There is 
increasing evidence that a low GI diet provides potential beneficial health effects by 
improving glucose and lipid levels in people with diabetes (Type 1 and 2), also reducing 
insulin levels and insulin resistance (Foster-Powell et al., 2002). A reduction in the GI 
of starch-based foods can be obtained with the use of fibres (Chillo et al., 2011; Foster-
Powell et al., 2002; Shirani & Ganesharanee, 2009; Zabidi & Aziz, 2009), which can be 
beneficial to diabetic patients and also to healthy subjects. 
The incorporation of enriched fibre and protein flours with significant values of 
antioxidants is an approach to improve the nutritional value and health benefits of 
extruded and baked snacks since they are predominantly made from cereal flour or 
starches and tend to be low in protein, therefore with low biological value (Ainsworth et 
al., 2007). The use of BSG as an enriched protein and fibre flour is also a potential 
approach to solve a serious environmental problem. The aim of this work is the 
determination of the phenolic content, antioxidant capacity, arabinoxylans content and 
glycaemic index in extruded snacks and breadsticks with increasing levels of BSG 
incorporation. These determinations will allow the evaluation of BSG as a functional 
ingredient for the improvement of cereal-based snacks. 
 
4.2. Material and methods 
 
4.2.1 Chemicals 
 
All chemicals were purchased from Sigma-Aldrich (Wicklow, Ireland) except for 
hydrochloric acid, sulphuric acid, ethyl acetate, methanol, acetone and dichloromethane, 
which were purchased from Fisher scientific (Ballycoolin, Ireland).  
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4.2.2 Brewer’s spent grain (BSG) 
 
BSG was obtained from the micro distillery plant located in University College Cork, 
Cork (Ireland). The dried BSG was coarsely ground and passed through a 250 µm sieve 
and stored in polyethylene bags at -20 ºC for further analysis. The proximate 
composition of the dried and ground BSG was as follows: moisture (5.6 %), protein 
(20.8 %), fat (4.5 %), ash (3.2 %), total starch (3.3 %) and total dietary fibre (60.5 %). 
 
4.2.3 Incorporation of BSG in extruded products 
 
Extruded products were prepared from blends of rice flour and wheat semolina in a ratio 
of 2:1 with different proportions (0, 10, 20, 30 and 40 %) of BSG on a dry weight basis. 
The samples were then conditioned to 15-20 % of moisture by spraying with a 
calculated amount of water and mixing continuously at medium speed in a mixer 
(Hobart Mixer, Model F-50, USA), followed by storing at 4 ºC overnight. Extrusion 
was performed in a single-screw, laboratory model extruder (Brabender, Duisburg, 
Germany) with a DCE 330 attachment consisting of three independent zones of 
controlled temperature in the barrel. The screw speed used was 50 rpm and the length to 
diameter (L/D) ratio for the extruder was 20:1. The temperature profiles in the feed and 
compression metering zones were kept constant at 110 and 150 ºC, respectively, and the 
die head temperature was 175 ºC. After stable conditions were established, extrudates 
were collected and dried in an air oven at 60 ºC for 1 h. The extruded material was 
coarsely ground and passed through a 250 µm sieve and stored at 4 ºC in polyethylene 
bags for further analysis.  
 Chapter 4 – Paper III	  
	   117	  
 
4.2.4 Incorporation of BSG in baked products 
 
The baked products were formulated as breadsticks with wheat flour blends containing 
0, 15, 25 and 35 % of BSG  according to Ktenioudaki et al. (2012).  
 
4.2.5 Extraction of phenolic compounds 
 
The extraction of phenolic compounds was performed with an adaptation of the 
methods described by other research groups (Bartolomé et al., 2002; Jay et al., 2008). In 
brief, the dried and ground samples (10 mg) were hydrolysed under nitrogen with 
NaOH (4 mol/dm3) solution for 17 h in the dark at 25 ºC and 100 rpm (incubator Innova 
42, Mason technology, Dublin, Ireland). Samples were adjusted to pH 2 with HCl (6 
mol/dm3) and centrifuged (14400 rpm, 15 min). The supernatants were extracted five 
times with ethyl acetate (650 µL) and the combined extracts were evaporated to dryness 
(Genevac, EZ-2 Plus). The dried extracts were resuspended with 50 % methanol for 
further analysis.  
 
4.2.6 Determination of phenolic compounds 
 
Total phenolics were determined in the 50 % methanol resuspended extracts using the 
Folin-Ciocalteu assay accordingly to the method described in section 2.2.4. 
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4.2.7 Antioxidant capacity evaluation 
 
The antioxidant capacity was evaluated in the 50 % methanol resuspended extracts by 
the DPPH radical scavenging activity and ferric reducing antioxidant power (FRAP) 
according to the methods described in section 2.2.5.  
 
4.2.8 Total dietary fibre (TDF) and protein determination 
 
The protein content of extruded snacks was determined as total nitrogen content 
(N*6.25) using the Kjeldahl method following the method 920.87 of AOAC 
International (2000). TDF of extruded snacks was determined using Sigma analysis kit 
(Sigma-Aldrich, Inc., USA) based on AOAC method 991.43. TDF and protein content 
of breadsticks was determined according to Ktenioudaki et al. (2012). 
 
4.2.9 Sugar analysis 
 
Neutral sugars were released by Saeman hydrolysis and analysed as their alditol 
acetates by gas chromatography (Coimbra et al., 1996; Selvendran et al., 1979) using a 
FISONS 8340 chromatograph with a split injector (split ratio 1:60) and a FID detector. 
A DB-225 column (Agilent J&W, USA; 30 m x 0.25 mm x 0.15 µm) was used. The 
injector and detector temperatures were 220 and 230 ºC, respectively. The oven 
temperature program started at 200 ºC to 220 ºC at a rate of 40 ºC per min and was held 
at 220 ºC for 15 min, then increased up to 230 ºC with a rate of 20 ºC per min and was 
held at 230 ºC for 1 min. The flow rate of the carrier gas (He) was set at 1 mL/min at 
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200 ºC. Standard curves were done for arabinose, xylose, mannose, galactose and 
glucose in a concentration range between 10 to 200 mg/L. The internal standard used 
was 6-deoxy-glucose. Uronic acids (UA) were determined colorimetrically according to 
a modification of the method of Blumenkrantz and Asboe-Hansen (1973) (Coimbra et 
al., 1996). The hydrolysis of all samples was done in duplicate and each sample was 
injected twice. 
 
4.2.10 In vitro glycaemic index (GI) 
 
The in vitro GI of the final products and the reference (white bread) were determined by 
the evaluation of the in vitro starch digestibility using a multi-enzymatic method 
involving simulated mastication, a proteolytic stage and incubation with pancreatic α-
amylase restricted by dialysis tubing (Scazzina et al., 2009). 20.6 mL of Phosphate 
buffer, pH 6.9 was adjusted to pH 1.5 with 1.9 mL of HCl (2 mol/dm3) followed by the 
addition of 4 mL of (145 U/mL) pepsin (Sigma Aldrich, P-7012) solution (prepared on 
the day). After this solution reached 37 ºC, a 4 g sample was added, stirred and 
incubated in a shaking water bath at 37 ºC for 30 min. After incubation, 20.6 mL of 
phosphate buffer, pH 6.9 was added and the solution was adjusted to pH 6.9 with 1.9 
mL of NaOH (2 mol/dm3), followed by the addition of 1 mL of (110 U/mL) α-amylase 
(Sigma Aldrich, A-3176) solution (prepared on the day). The final solution was poured 
into a dialysis tube (Sigma Aldrich, D-9652), which was placed in 450 mL of phosphate 
buffer pH 6.9 in a shaking water bath at 37 ºC for 3 h. Three aliquots of 1 mL were 
collected every 30 min. The reducing sugars released into the dialysate at each set point 
(30, 60, 90, 120, 150 and 180 min) were measured by a colorimetric method after 
reaction with 3,5-dinitrosalicylic acid (DNS). 1L DNS reagent was prepared by adding 
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500 mL of sodium potassium tartrate tetrahydrate (2 mol/dm3) solution gently to the 
dissolved 10 g DNS in 200 mL NaOH (2 mol/dm3) solution and make up to 1L with 
distilled water. A blank solution (buffer) was also analysed for each set point. To each 
aliquot 1 mL of DNS reagent and 2 mL of distilled water were added and boiled in a 
water bath for 15 min. After boiling, 2.5 mL of distilled water was added and after 
cooling the absorbance was measured at 530 nm. A standard curve was prepared using 
known concentrations of maltose monohydrate solutions. The values were expressed as 
µg maltose/g sample. 
Maltose content was plotted as a function of time and the areas under the hydrolysis 
curves (AUC) were calculated. The hydrolysis index (HI) for each sample was 
calculated as the ratio between the AUC of the sample and the AUC for the reference 
food (white bread) and were normalised for the total carbohydrate available in each 
sample and reference, and expressed as a percentage. The GI was predicted according to 
Eq. (4.1) described by Goni et al. (1997): 
GI (%) = 39.71 + 0.549*HI                       (4.1) 
 
4.2.11 Statistical analysis 
 
All measurements were carried out on three independent extractions and performed in 
triplicate for each extraction. Data were reported as mean ± standard deviation (SD). 
ANOVA one-way statistical analysis (F-test) was carried out to determine significant 
differences between means. To assess which means were different from which other 
means, Tukey method was used as a follow-up test to ANOVA. Differences were 
considered to be statistically significant at a 95 % confidence level (p ≤ 0.05). 
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4.3. Results and discussion 
 
4.3.1 Determination of phenolic compounds and antioxidant capacity evaluation 
 
Total phenolic compounds were quantified by the TPC method for BSG as seen in Fig 
4.1. Water-soluble phenolic compounds accounted for only 4 % of the total phenolic 
compounds present in BSG. These compounds were expected to be negligible since the 
free forms of phenolic acids in barley malt were water-extracted during mashing and 
would have passed into the wort during the beer manufacturing process (Vanbeneden et 
al., 2007). The soluble conjugated and free phenolic compounds composed 14 % of the 
total phenolic compounds analysed and accordingly, the bound phenolic compounds 
comprised 86 % of the total phenolic compounds. This result is in line with those 
reported where the fraction of phenolic acids ester-bound to arabinoxylans of barley 
malt was almost fully found in BSG (Vanbeneden et al., 2007). 
The antioxidant activity of the phenolic extracts of BSG was measured by DPPH radical 
scavenging activity and the FRAP assay. The phenolic extracts (1 mg/mL) of BSG 
showed 80 ± 17 % inhibition of DPPH after 30 min reaction and FRAP of 1.0 ± 0.1 g 
ascorbic acid/ kg dry weight, confirming their potential as antioxidants (Maillard & 
Berset, 1995). Since BSG represents a valuable source of antioxidants, the following 
work focuses on how the incorporation of BSG in extruded and baked products 
influences the antioxidant capacity of the final products. 
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Figure 4.1 – Phenolic compounds content in BSG flour (< 250 µm). 
 
Extruded products 
Incorporation of up to 40 % of BSG into extruded snacks significantly increased TPC 
and the antioxidant capacities measured by DPPH radical scavenging activity and FRAP 
when compared to the control (Fig. 4.2). With the highest level of BSG incorporation 
(40 %) a 4, 19 and 5 fold increase compared to the control  (0 %) was observed in TPC, 
DPPH radical scavenging activity and FRAP, respectively. The increase in TPC and in 
DPPH radical scavenging activity was also reported when extruded products were 
formulated with other food based by-products such as mango peel powder (Ajila et al., 
2010). Mango peel powder is a food by-product composed of 5 fold more phenolics 
than BSG and Ajila et al. (2010) observed a 4 fold increase in TPC and 22 fold increase 
in the scavenging activity with an incorporation of only 7.5 % of mango peel powder in 
macaroni preparations. However, it was reported that no changes were observed in TPC 
content and antioxidant capacity with the incorporation of 0-30 % incorporation of BSG 
in extruded snacks (Ainsworth et al., 2007).  
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Figure 4.2 –	  Mean of phenolic content determined as (a) TPC and of antioxidant 
capacity measured by (b) DPPH radical scavenging activity and (c) FRAP of extruded 
snacks with different levels of BSG incorporation. 
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The quantities expected and observed of TPC, DPPH and FRAP for the respective 
percentage of BSG incorporation and their respective recoveries are shown in Table 4.1. 
The expected values were calculated considering the TPC, DPPH and FRAP results 
obtained for BSG. In general, the values expected of TPC decreased as the 
concentration of BSG incorporation increased. This decrease suggests loss of phenolic 
compounds during the extrusion process that is influenced by BSG incorporation. This 
could be due to the occurrence of polymerisation promoted by extrusion, which 
increases as a result of high concentrations of BSG, thus affecting the extractability of 
such compounds as already suggested by other authors (Ajila et al., 2010). The DPPH 
radical scavenging activity was almost twice the activity expected for the products with 
10 % addition of BSG and higher values than expected were also observed for the other 
levels of BSG addition. Considering the loss of phenolic compounds upon BSG 
addition, these results suggest the formation of other compounds with DPPH radical 
scavenging activity. This fact suggests the presence of Maillard reaction products 
already known as a result of the extrusion process (Singh et al., 2007) and having 
antioxidant capacities especially radical scavenging activities (Amarowicz, 2009). The 
FRAP values expected decreased with the different levels of BSG addition, as was the 
case for TPC values, which means that the antioxidant capacity measured by FRAP is 
affected by the loss of phenolic compounds. 
 
Baked products 
Incorporation of up to 35 % BSG into breadsticks significantly increased TPC and the 
antioxidant capacities as measured by DPPH radical scavenging activity and FRAP 
when compared to the control (Fig. 4.3) with up to 7, 3 and 4 fold increase observed, 
respectively. 
	  	  
Table 4.1 – Quantities of TPC, DPPH and FRAP expected and observed in extruded snacks and breadsticks with different levels of BSG 
incorporation, and respective recoveries. 
 
  expected observed recovery  expected observed recovery  expected observed recovery 
 µg gallic acid/g DW %  % inhibition after 30 min %  µg ascorbic acid/g DW % 
Extruded snacks TPC  DPPH  FRAP 
10 %  180 168 94  8 14 175  100 46 46 
20 %  360 262 73  16 18 113  200 71 36 
30 %  540 292 54  24 23 96  300 81 27 
40 %  720 484 67  32 37 116  400 122 31 
Breadsticks             
15 %  270 336 124  12 6 49  150 140 93 
25 %  450 507 113  20 22 112  250 208 83 
35 %  630 705 112  28 49 175  350 301 86 
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Figure 4.3 – Mean of phenolic content determined as (a) TPC and of antioxidant 
capacity measured by (b) DPPH radical scavenging activity and (c) FRAP of 
breadsticks with different levels of BSG incorporation. 
 
!
!
!
0
100
200
300
400
500
600
700
800
900
0% BSG 15% BSG 25% BSG 35% BSG
µ
g 
ga
lic
 a
ci
d/
 g
 d
ry
 w
ei
gh
t 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
0% BSG 15% BSG 25% BSG 35% BSG
%
 in
hi
bi
tio
n 
af
te
r 3
0 
m
in
ut
es
0
50
100
150
200
250
300
350
400
0% BSG 15% BSG 25% BSG 35% BSG
µ
g 
as
co
rb
ic
 a
ci
d/
 g
 d
ry
 w
ei
gh
t 
(a) 
(b) 
(c) 
 Chapter 4 – Paper III	  
	   127	  
In contrast to extruded products, total recovery of the phenolic compounds for all the 
different levels of BSG incorporation was obtained for baked products (Table 4.1). 
However, DPPH inhibition was only 49 % of the expected values for the products with 
15 % incorporation of BSG, the values expected were achieved with 25 % BSG 
incorporation and more than expected with the highest level of BSG addition. FRAP 
values were the expected with 15 % incorporation of BSG, but with the following levels 
of BSG incorporation the values expected decreased by 7 to 17 %. These results suggest 
TPC observed reflects the increase of certain compounds in compensation of others 
decrease, as already observed in phenolic compounds during the baking process 
(Rupasinghe et al., 2008). The loss of phenolic compounds is reflected in the decrease 
of the expected antioxidant capacity, and the production of other compounds with 
antioxidant properties is reflected in the increase of the expected DPPH radical 
scavenging activity for the higher levels of BSG incorporation. These new products can 
be thermally-induced degradative products of original phenolics as suggested by 
Rupasinghe et al. (2008) but due to the nature of BSG they are most probably Maillard 
reaction products. 
Ajila et al. (2008) also reported an increase in TPC and DPPH radical scavenging 
activity in baked products upon the incorporation of mango peel powder. However loss 
of phenolic compounds was observed with heat treatment. Poor recovery of the original 
phenolic compounds from apple skin powder after incorporation in muffins was also 
reported by Rupasinghe et al. (2008). However a positive linear relationship between 
TPC and the level of incorporation was observed and antioxidant capacity remained as 
expected.  
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4.3.2 Non-starch polysaccharides content 
 
Previous reported work showed an increase in dietary fibre with the incorporation of 
increasing levels of BSG in extrudates (Ainsworth et al., 2007; Stojceska et al., 2008b) 
and baked products (Ajanaku et al., 2011; Öztürk et al., 2002; Prentice & D'Appolonia, 
1977; Prentice et al., 1978) including a recent published work of the same research 
group in breadsticks (Ktenioudaki et al., 2012). Since non-cellulosic polysaccharides, in 
particular arabinoxylans, are one of the main BSG fibre constituents which are directly 
related to the health benefits attributed to the fibres, this present work sought to identify 
the effects of extrusion and baking on the arabinoxylans content of snack products when 
incorporated with BSG. The monosaccharide composition, after acid hydrolysis of BSG 
applied for the possible measurement of arabinoxylans, showed a high content of xylose 
followed by glucose, arabinose and hexuronic acid and residual amounts of galactose 
and mannose (Table 4.2).  
 
Table 4.2 – Monosaccharide composition after acid hydrolysis of BSG and extruded 
snacks and breadsticks with different levels of BSG incorporation. 
 
  Ara Xyl Man Gal Glc UA Total  Ara/Xyl 
  µg/mg sample   
BSG  35 86 3 5 76 34 249  0.41 
Extruded Snacks 
0 %  ⎯ ⎯ ⎯ ⎯ 316 27 354  ⎯ 
10 %  4 8 ⎯ ⎯ 272 36 332  0.51 
20 %  9 15 ⎯ ⎯ 320 33 388  0.57 
30 %  7 12 ⎯ ⎯ 240 25 295  0.54 
40 %  8 15 ⎯ ⎯ 200 33 265  0.54 
Breadsticks 
0 %  4 6 ⎯ ⎯ 309 50 379  0.66 
15 %  9 18 ⎯ ⎯ 266 39 342  0.51 
25 %  11 24 ⎯ ⎯ 228 20 293  0.46 
35 %  11 24 ⎯ ⎯ 178 31 255  0.48 
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The ara/xyl ratio determined was 0.41, which evaluates the degree of arabinoxylan. 
These results are in accordance with those reported for BSG monosaccharide 
composition (Jay et al., 2008; Mussatto et al., 2006). The contents of arabinose and 
xylose units were determined to quantify the arabinoxylans present (Table 4.2), and 
similar to the previous section, the recoveries of arabinose and xylose were also 
calculated to assess the effects of thermal processing on the arabinoxylan content (Table 
4.3). 
 
Table 4.3 – Quantities of arabinose and xylose units expected and observed in extruded 
snacks and breadsticks with different levels of BSG incorporation, and respective 
recoveries. 
 
  expected observed recovery  expected observed recovery 
µg/mg sample %  µg/mg sample % 
Extruded snacks Ara  Xyl 
10 %  4 4 100  9 8 89 
20 %  7 9 129  17 15 88 
30 %  11 7 64  26 12 46 
40 %  14 8 57  34 15 44 
Breadsticks         
15 %  5 6 112  13 13 100 
25 %  9 8 89  22 20 91 
35 %  12 8 67  30 20 67 
 
Extruded products 
The percentage of total sugars decreased with BSG addition essentially due to the 
glucose content (Table 4.2). The glucose content is mainly influenced by rice flour and 
wheat semolina and not with the BSG addition. Arabinose and xylose content increased 
up to 20 % of BSG incorporation with full recovery of arabinose and 90 % recovery of 
xylose (Table 4.3).  
As the addition of BSG increases, the recoveries decreased with 64 and 57 % recovery 
of arabinose content for 30 and 40 % incorporation respectively, and recoveries lower 
than 50 % for xylose content. In the extrusion process due to the high temperature, 
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pressure and the mechanical stress, it is expected that polymerisation reactions between 
polysaccharides and other compounds such as sugars, proteins or phenolic compounds 
could occur (Singh et al., 2007). The incorporation of BSG promotes the increase of 
arabinoxylans (Table 4.2) but also the increase of protein content (Table 4.4). As the 
BSG concentration increases, interactions between the arabinoxylans and proteins are 
more likely to occur thus affecting the extractability of such compounds and justifying 
the decrease of recoveries upon BSG incorporation.  
 
Table 4.4 – Total dietary fibre (TDF) and protein content expected and observed in 
extruded snacks and breadsticks with different levels of BSG incorporation, and 
respective recoveries. 
 
  expected observed recovery  expected observed recovery 
g/100g %  g/100g % 
Extruded snacks Protein  TDF 
10 %  2 1 57  6 2 33 
20 %  4 2 50  12 7 58 
30 %  6 2 26  18 8 44 
40 %  8 2 25  24 13 54 
Breadsticks         
15 %  3 1 29  9 9 100 
25 %  5 4 69  15 14 93 
35 %  7 4 56  21 20 95 
 
However, it was expected that lower recoveries of arabinose than xylose residues should 
be observed since arabinose linkages to xylose are easier to break by extrusion than the 
covalent linkages of xylose (Mussatto et al., 2006). However, the results obtained in 
this work suggest that extrusion is not breaking the arabinose residues from the 
arabinoxylans but promoting the formation of arabinoxylan-protein complexes, which 
apparently assumes a conformation where the xylose chain is protected from being 
extracted while the arabinose residues are positioned so that they can still be extracted. 
These polysaccharide-protein complexes were reported in extruded barley flour 
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(Vasanthan et al., 2002) and extruded durum wheat bran (Esposito et al., 2005) and are 
known to be very resistant to enzymatic degradation. 
Total dietary fibre in extruded snacks significantly increases with all levels of BSG 
incorporation (Table 4.4). Recoveries increased with up to 20 % of BSG addition and 
then decreased reflecting the results obtained for arabinoxylans. Therefore, 
arabinoxylans could contribute to the increase of total dietary fibre in final products. 
However, the results obtained for total dietary fibre and arabinoxylans content for 30 
and 40 % of BSG addition suggest other compounds rather then arabinoxylans could be 
influencing the total dietary fibre results, such as lignin rather than cellulose as there 
were no glucose increments observed. 
 
Baked products 
The breadsticks with no BSG incorporation presented considerable amounts of 
arabinoxylans (Table 4.2) due to the use of wheat flour which was confirmed by the 
ara/xyl ratio typical for wheat (Saeed et al., 2011). Nevertheless, arabinose and xylose 
content increased with up to 25 % of BSG incorporation. 
Similar results as in the extruded snacks were obtained for the breadsticks with respect 
to glucose content, suggesting no influence of cellulose on fibre increase as seen for the 
products reported by Ktenioudaki et al. (2012). Arabinose and xylose content increased 
with up to 25 % of BSG incorporation and no significant differences were observed for 
further levels of BSG addition. For 15 % of BSG incorporation a full recovery was 
obtained for arabinose and xylose content. However upon further BSG additions the 
recoveries decreased but reached higher values than in extruded snacks. As was 
reported by Ktenioudaki et al. (2012) the BSG incorporation also promotes the increase 
of protein content in breadsticks, and protein recovery decreased (Table 4.4) with the 
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addition of BSG (35 %), which could be attributed to the baking process promoting the 
polysaccharide-protein complexes observed in the extrusion process but to a lesser 
extent. 
A full recovery of total dietary fibre (Table 4.4) for 15 % of BSG incorporation in 
breadsticks was observed. On further additions the recoveries slightly decreased 
reaching a minimum of 93 % thus suggesting as in extruded snacks the influence of 
lignin on total dietary fibre increase for the highest level of BSG incorporation (35 %). 
 
4.3.3 In vitro glycaemic index 
 
There is evidence for strong correlations between the clinically determined in vivo GI 
values of many foods and in vitro starch digestion (Goñi et al., 1997; Ross et al., 1987). 
An in vitro starch hydrolysis method was carried out in this study to simulate the in vivo 
situation of carbohydrate digestion characteristics and to estimate the metabolic 
glycaemic response to a food.  
 
Extruded products 
The starch digestibility curves showed a slight decrease in their slope with BSG 
incorporation (Fig. 4.4a). The decrease was significant (p ≤ 0.05) only for 40 % BSG 
addition when compared to 0 % BSG addition. The HI decreased by 4.2 % from the 
control product (0 %) to the highest level of BSG incorporation (40 %), which was not 
enough to reach a product with low GI (Table 4.5). It seems that the addition of BSG 
promotes a decrease in the GI but other factors are preventing a steeper decrease. It is 
well documented that extrusion decreases the resistant starch content and promotes a 
higher degree of starch gelatinisation and dextrinisation resulting in an increase in 
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starch digestibility which subsequently has a negative influence on the GI value 
(Alsaffar, 2011).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 – Starch digestibility curves of (a) extruded snacks and (b) breadsticks with 
different levels of BSG incorporation. 
 
Also rice flour, being a major component of the extruded snack tested, is already known 
as one of the highest GI foods (Foster-Powell et al., 2002; Frei et al., 2003). Shirani & 
Ganesharanee (2009) reported an extruded snack with acceptable physical and sensory 
properties and low GI (43) after the incorporation of 15 % of fenugreek fibre. However 
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the study first optimised a chickpea: rice ratio of 70:30 to improve the acceptability of 
the product. Other authors also optimised a low GI (47.9-49.1) extruded breakfast cereal 
by the incorporation of 24 % of passion fruit pulp extraction process by-product 
(composed of 64 % TDF) on a corn-based flour (Leoro et al., 2010).  
BSG incorporation may be promising to obtain low GI extruded snacks, but the base 
flour used and extrusion conditions need to be further investigated to make a better 
utilisation of the BSG incorporation.  
 
Table 4.5 – Estimated in vitro glycaemic index (GI) in extruded snacks and breadsticks 
with different levels of BSG incorporation. 
 
 HI  GI 
Extruded snacks    
0 % 78  83 
10 % 79  83 
20 % 77  82 
30 % 82  84 
40 % 75  81 
Breadsticks    
0 % 89  89 
15 % 69  78 
25 % 60  73 
35 % 43  63 
HI = hydrolysis index; GI = glycaemic index 
Baked products 
The starch digestibility curve for the incorporated breadsticks showed a significant (p ≤ 
0.05) decrease for all levels of BSG incorporation (Fig. 4.4b). The HI decreased by 22 
%, 33 % and 52 % with increasing levels of BSG incorporation (Table 4.5). Zabidi and 
Aziz (2009) also reported a decrease of the HI of bread samples when incorporated with 
chempedak seed flour. A decrease of 16 % was achieved upon the incorporation of 
chempedak seed flour (30 %), which consists of 2 % of total dietary fibre and 15 % of 
resistant starch while BSG consists of 70 % total dietary fibre. The estimated GI 
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significantly (p ≤ 0.05) decreased with BSG incorporation probably due to the increase 
in dietary fibre. Non-starch polysaccharides were often related to the encapsulation of 
the starch granules thus preventing enzyme accessibility and explaining the decrease of 
starch digestibility (Englyst & Hudson, 1996). However, as seen previously the 
arabinoxylans increased with up to 25 % of BSG incorporation. The decrease of GI for 
further incorporation of BSG suggests that other dietary fibre components (possibly 
lignin) or other unknown mechanisms are also responsible for the decrease of starch 
digestibility.  
 
4.4. Conclusion 
 
BSG is a valuable source of antioxidants and arabinoxylans (non-cellulosic 
polysaccharides), and can be used as ingredient in the formulation of extruded and 
baked snacks. This resulted in an increase in the phenolic content and in the antioxidant 
properties when compared to the controls with no addition of BSG. Extruded snacks 
and breadsticks showed an increase of 4 and 7 fold for TPC, 19 and 3 fold for DPPH 
radical scavenging activity, and, 5 and 4 fold for the FRAP value, respectively. 
However, the heat treatment applied in both processes promoted loss of phenolic 
compounds and possible production of new products, mainly Maillard reaction products 
and in the case of extrusion processing also polymerisation products.  
Arabinoxylans content increased with up to 20 % addition of BSG in extruded snacks 
and 25 % addition of BSG in breadsticks. Further addition of BSG in extruded and 
baked snacks, does not increase the arabinoxylans content in the products, but possibly 
promotes interactions between arabinoxylans and proteins leading to the formation of 
polysaccharide-protein complexes.  
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A decrease of 4 % of the HI of extruded snacks was not enough to reach a product 
characterised with a low GI. The addition of BSG promotes a decrease of the GI value, 
however the base flour and extrusion conditions need to be further investigated to make 
a better use of BSG addition. In contrast to extruded snacks, the HI of breadsticks 
decreased by 52 % for 35 % BSG addition, allowing for the production of a product 
with medium GI. 
BSG can be used as an ingredient in the formulation of extruded snacks and breadsticks 
generating products richer in antioxidants and fibre and with lower GI. The nutritional 
value of both snacks was improved and the health benefits need to be further studied in 
vivo. 
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Addendum  
In line with the paper presented in Chapter 3, incorporation of BSG flour is expected to 
improve the nutritional content of starch-based foods by enhancing not only the content 
of fibre and antioxidant properties but also the content in protein (Ainsworth et al., 
2007; Ajanaku et al., 2011; Ktenioudaki et al., 2012; Ktenioudaki et al., 2013; Öztürk et 
al., 2002; Prentice & D'Appolonia, 1977; Prentice et al., 1978; Steinmacher et al., 2012; 
Stojceska et al., 2008b). BSG is expected to be also a functional ingredient by 
increasing the content of fibre and antioxidant properties in the products. Similarly as in 
AP, there is no claim approved by EFSA for the antioxidants and fibre of BSG, thus 
several studies needs to be carried out for the purpose.  
The paper presented in this chapter begins with the following hypothesis “Incorporation 
of BSG will improve the composition in protein and fibre and antioxidant properties of 
extruded and baked snacks, not affecting their nutritional content?”  
The strategy adopted to answer to the formulated hypothesis was the determination of 
protein content, fibre content and antioxidant properties in prototypes with different 
levels of BSG incorporation and comparison to a product with no BSG added (control). 
Phenolic compounds were monitored to check the influence on the antioxidant 
properties of the incorporated products and arabinoxylans presence was determined to 
check the influence on the increment of fibre. The estimated GI value of the final 
prototypes was determined to evaluate whether the addition of BSG changes the GI 
value of the snack prototype. 
The results obtained confirmed that BSG addition into extruded and baked prototypes 
increased fibre and protein content and antioxidant properties when compared to 
prototypes with no BSG addition.  
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The increase of antioxidant properties was influenced by the phenolic content added to 
the prototypes but also by other compounds generated as a result of extrusion or baking. 
In extruded prototypes the expected content of phenolic compounds was almost 
achieved (94 %) only with 10 % addition (Table 4.1). At this level of addition the value 
of DPPH was almost the double (175 %) of the expected and the FRAP was less than 
half of the expected (46 %). The results of DPPH can be explained by the formation of 
MRP in the same line as in the prototypes with AP addition (Chapter 3). These 
compounds seem not to affect FRAP, as also observed in the prototypes with AP 
addition. However, FRAP should have positively correlated with TPC method, since 
they both measure antioxidant’s reducing capacity. In the following levels of addition, 
with the exception of 30 % addition a decreasing trend was observed in the results 
expected for TPC, DPPH and FRAP, which means loss of phenolic compounds 
occurred. However, DPPH was more than expected supported by the suggested MRP 
and FRAP less than half of the expected. The only possible explanation is that the loss 
of phenolic compounds occurred by the formation of new products thermal-induced 
degradative products of original phenolics, or by polymerisation reactions between 
phenolics and other nutrients or even between phenolic compounds themselves, being 
quantified by TPC but with no influence on the FRAP assay.  
In baked prototypes the results were quite different, TPC expected was for all the levels 
of addition slightly more than expected, that can be explained by the formation of new 
products thermal-induced degradative products of original phenolics. The DPPH value 
was half than expected (49 %) with 15 % of BSG addition, which means that at this 
level of addition no MRP were still generated and that the new thermal-induced 
degradative products of original phenolics did not affect DPPH radical scavenging 
activity. In the following levels of addition the expected values of DPPH are more than 
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expected probably reflecting MRP generation. FRAP positively correlate with TPC for 
all the levels of addition.  
The increase in fibre content was influenced by arabinoxylans provided by BSG 
addition into the prototypes. However the recoveries of TDF and protein (Table 4.4) 
clearly showed that high levels of BSG addition into extruded prototypes promote the 
formation of polysaccharide-protein complexes in which the polysaccharide involved is 
arabinoxylans as for the recoveries of arabinose and xylose observed (Table 4.3). In 
baked prototypes these reactions occurred also but in a lesser extent in the high levels of 
BSG addition. The interesting result was obtained with the low recovery of protein with 
15 % BSG addition. There are no evidences of polysaccharide-protein complexes 
generation at this level of addition. Protein digestibility does not indicate polymerisation 
or denaturation of proteins (Appendix IV). Which leaves the question if reactions 
between proteins and phenolic compounds occurred and possible affecting the TPC 
results observed. 
The postprandial blood glucose response of these prototypes with BSG addition was 
estimated by an in vitro starch digestibility method that positively correlates with the in 
vivo GI method. The estimated GI for each prototype indicated that BSG addition may 
be a promising strategy in decreasing the GI of extrusion and baked products as 
indicated by the decreasing trend of GI values with increasing levels of addition (Table 
4.5). However, the formulation of prototypes such as based flours and processing 
parameters, needs to be evaluated in order to achieve better results especially in 
extruded prototypes due to the lower decrease in GI value obtained for increasing levels 
of addition. These values were obtained by a mathematical first-order equation that 
predicts GI value using the HI obtained from the starch digestibility curves presented on 
 Chapter 4 – Paper III	  
	   140	  
Fig. 4.4. The lower the slope of starch digestibility curves, lower is HI and consequently 
less GI value is obtained.  
The exception results obtained with 30 % BSG addition in extruded prototypes for all 
the analysis performed (Table 4.1, 4.2, 4.3, 4.4 and 4.5) suggest that something during 
formulation of these products or even a swap on the 30 % and 40 % label may have 
occurred. 
The addition of BSG affects considerably the appearance, texture and flavour of final 
products (Ainsworth et al., 2007; Ktenioudaki et al., 2012; Stojceska et al., 2008b). 
Despite the increase in protein, fibre and antioxidant properties with all levels of BSG 
addition is not expected that high levels such as 30 % and 40 % in extruded products 
and 35 % in baked products would be accepted by the panellists. These products have 
an intense colour and smell, showed a considerably decrease in expansion of extruded 
prototypes and in volume of baked prototypes, and a considerably increase in hardness. 
Thus it is suggested, on the basis of the results obtained in the paper presented and in 
reported studies, additions of 5, 10, 15 and 20 % of BSG for the following sensory and 
acceptability studies.  
The paper findings are preliminary results to be used on further sensory and 
acceptability studies, which precedes the in vitro studies and dietary intervention in 
humans required for the development of functional foods. 
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Abstract 
Arabinoxylan (AX) rich extracts from brewer’s spent grain (BSG) were produced by the 
application of ultrasound-assisted extraction (UAE) and conventional alkaline 
extraction (AKE). UAE and AKE were optimised for the production of the highest yield 
of ethanol-insoluble material using response surface methodology (RSM). The UAE 
consisted of a pre-washing treatment with water for 5 min under 14 Wcm-2 ultrasound 
intensity followed by 15 min of autoclave (120 ºC). The residue left, after the pre-
washing treatment, was then extracted with 2 M KOH solution for 5 min under 3 Wcm-2 
ultrasound intensity. AKE consisted in a solid-liquid extraction with 3 M KOH solution 
at 45 ºC for 7 h. The efficiency of UAE was established by the significant reduction of 
time (7 h to 25 min) and energy when compared to AKE, to recover similar amounts of 
AX (60 %) from BSG, leading to the production of starch-free AX-rich extracts. 
 
 
 
 
 
 
 
 
 
 
Keywords: ultrasound-assisted extraction; arabinoxylans; brewer’s spent grain; RSM. 
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5.1. Introduction 
 
Arabinoxylans (AX) are the main non-starch polysaccharide of cereal grains such as 
wheat, barley, oat, corn and rice. The AX are composed of β-D-(1è4)-linked-
xylopyranosyl residues to which ?-L-arabinofuranose units are linked as side chains, 
with some of them substituted with monomeric or dimeric ferulic acid residues 
(Grootaert et al., 2007). Similar to other non-digestible carbohydrates, AX are of a 
particular interest in the formulation of functional foods due to the health benefits 
associated with their consumption (Crittenden & Playne, 1996).  They have been 
classified as prebiotics because they (i) are not hydrolysed nor absorbed in the upper 
part of the gastrointestinal tract, (ii) maintain a good gastrointestinal environment and 
(iii) selectively stimulate the microflora that confer benefits upon the host wellbeing and 
health (Voragen, 1998).  
Brewer’s spent grain (BSG) is the residue left after barley malting and separation of the 
wort (fermentation medium to produce beer) during the brewing process. BSG is the 
most abundant brewing by-product amounting to around 85 % of total by-products 
generated by the brewing industry. Million of tonnes of BSG are produced annually 
across Europe and common applications are direct disposal in a landfill or use as an 
animal feed. BSG is a lignocellulosic material composed of AX (28 %), cellulose (17 
%) and lignin (28 %) (Mussatto et al., 2006; Santos et al., 2003) As the germinated 
grain during brewing has already been submitted to a hot water extraction process, the 
BSG AX are mostly not extractable with water. Thus, chemical and/or enzymatic 
methods need to be used for their extraction. These include sequential extraction with 
mild and strong alkali solutions (Mandalari et al., 2005; Vieira et al., 2014) and 
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sequential extraction with alkali solution and a mixture of feruloyl esterases and 
glycoside hydrolases. This last extraction method allows for the recovery of phenolic 
acids and diferulate AX oligosaccharides (Faulds et al., 2006). Autohydrolysis of BSG, 
an environmentally friendly treatment carried out in a reactor with hot water or steam, 
promotes the recovery of several AX oligosaccharide (AXO) mixtures (Carvalheiro et 
al., 2004). More recently, a sequential extraction applying microwave superheated 
water and dilute alkali extraction of BSG AX was proposed, separating AX, AXO, and 
feruloylated AXO from the proteins and residual starch (Coelho et al., 2014). 
Ultrasound-assisted extraction (UAE) is a process that uses acoustic energy and solvents 
to extract target compounds from various plant matrices. The application of high-
intensity ultrasound causes pressure fluctuations, which propagate through the material. 
These fluctuations give rise to microscopic bubbles that are highly unstable and collapse 
within a few milliseconds after their formation. In the wake of the collapse, high shear 
forces are applied to any material that is present in the vicinity of these cavitational 
bubbles. In addition to the mechanical shear forces, the temperature in the vicinity of 
the bubbles increases. The ultrasound pressure waves and resulting cavitation 
phenomena are able to break cell walls, promoting the release of the contents of the cell 
into the extraction medium (Ebringerová & Hromádková, 2010; Seshadri et al., 2003).  
UAE has already been used to obtain xylans from corn cobs (Ebringerova et al., 1998; 
Hromádková et al., 1999), corn bran (Ebringerová & Hromádková, 2002), wheat straw 
(Sun et al., 2002; Sun & Tomkinson, 2002), buckwheat hulls (Hromádková & 
Ebringerová, 2003), sugarcane bagasse (Sun et al., 2004), wheat bran (Hromádková et 
al., 2008) and almond shells (Ebringerová et al., 2008). The advantages reported are the 
substantial shortening of extraction time, solvent consumption, and extraction 
temperature, resulting in higher yields and purity of polysaccharides with no significant 
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structural changes and no negative effects on their functional properties. However, high 
intensity ultrasound can break down polymers, which may negatively affect 
polysaccharides (Lorimer et al., 1995).  
Due to the AX potential health benefits as dietary fibre and as prebiotics, in addition to 
the abundant availability of BSG as a source of AX, this work aims at examining the 
efficiency of ultrasound-assisted extraction in the production of AX-rich extracts in 
comparison to typical alkaline extraction procedures. 
 
5.2. Material and methods 
 
5.2.1. Chemicals 
 
All chemicals were purchased from Sigma-Aldrich (Wicklow, Ireland) except for 
sulphuric acid, acetone, dichloromethane and ethanol, which were purchased from 
Fisher scientific (Ballycoolin, Ireland).  
 
5.2.2. Brewer’s spent grain (BSG) 
 
BSG was obtained from the micro distillery plant located at University College Cork, 
Cork (Ireland). The dried BSG was coarsely ground to 250 µm particle size and stored 
in polyethylene bags at -20 ºC until further use.  
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5.2.3. Ultrasound-assisted extraction (UAE) 
 
Ultrasound pre-washing treatment with water 
Suspensions of BSG (2 g) and distilled water (50 mL) were processed at a constant 
frequency of 20 kHz using a 750 W ultrasonic processor (VC 750, Sonics and Materials 
Inc., Newtown, USA) using a 13 mm diameter solid probe (not calibrated). Different 
amplitudes (8, 25, 50, 75, 92 and 100 %) combined with different times (3.3, 5, 7.5, 10 
and 11.7 min) were applied with pulse durations of 5 s on and 5 s off. The ultrasound 
probe was submerged up to 25 mm in the sample. The residue was separated from the 
supernatant by centrifugation at 14,400 rpm for 20 min, and then resuspended in 
distilled water (50 mL) and autoclaved at 120 ºC for different times (4.8, 15, 30, 45 and 
55 min).  
 
Ultrasound alkaline extraction 
The autoclaved residue was suspended in an alkali solution (0.3, 1, 2, 3 and 3.7 M) and 
submitted to ultrasound treatment by combining different amplitudes (8, 25, 50, 75, 92 
and 100  %) and times (3.3, 5, 7.5, 10 and 11.7 min) with pulse durations of 5 s on and 
5 s off. The suspensions were then neutralised with HCl until pH 6-7 was reached and 
subsequently centrifuged. The supernatants were precipitated with 5 volumes of ethanol 
(96 %) and the alcohol insoluble material was recovered as a powder, after 
centrifugation at 14,400 rpm for 10 min, solubilisation in distilled water, dialysis using 
a cellulose acetate membrane of 12 kDa cut off (Sigma, D9652) and freeze-drying the 
retentate. The scheme for the isolation of the polysaccharide fractions is shown in Fig. 
5.1. 
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The ultrasonic intensity (UI) was determined using the following formula: 
UI = 4P / πD2            Eq. (5.1) 
where P is the ultrasonic power (W) and D is the probe diameter (cm). Ultrasonic power 
was calculated using the following formula: 
P = mCp(dT/dt)t=0 πD2            Eq. (5.2) 
where m is the mass (g), Cp is the specific heat (H2O- 4.187 Jg-1ºC-1; 2M KOH- 0.93 Jg-
1ºC-1) and (dT/dt) is the change in temperature over time (ºCs-1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 – Scheme for the isolation of alcohol insoluble material from BSG by 
ultrasound-assisted extraction (UAE). 
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5.2.4. Alkaline extraction (AKE) 
 
BSG samples were also extracted using different concentrations (1, 2, 3, 4 and 5 M) of 
KOH with 20 mM NaBH4, in an incubator (Innova 42, Mason technology, Dublin, 
Ireland) over different times (1, 4, 7, 10 and 13 h) and temperatures (25, 35, 45, 55 and 
65 ºC). After each alkaline extraction the same steps described after ultrasound 
treatment using alkali solution (section 5.2.3) were followed.  
 
5.2.5. Sugar analysis 
 
Neutral sugars were released by Saeman hydrolysis and analysed as their alditol 
acetates by gas chromatography (Coimbra et al., 1996; Selvendran et al., 1979) using a 
FISONS 8340 chromatograph with a split injector (split ratio 1:60) and FID detector. A 
DB-225 column (Agilent J&W, USA; 30 m x 0.25 mm x 0.15 µm) was used. The 
injector and detector temperatures were 220 and 230 ºC, respectively. The oven 
temperature program started at 200 ºC to 220 ºC at a rate of 40 ºC per min and was held 
at 220 ºC for 15 min, then increased up to 230 ºC with a rate of 20 ºC per min and was 
held at 230 ºC for 1 min. The flow rate of the carrier gas (He) was set at 1 mL/min at 
200 ºC. Standard curves were done for arabinose, xylose, mannose, galactose and 
glucose in a concentration range between 10 to 200 mg/L. The internal standard used 
was 6-deoxy-glucose. Uronic acids (UA) were determined colorimetrically according to 
Coimbra et al. (1996). The hydrolysis of all samples was done in duplicate and each 
sample was injected twice. 
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5.2.6. Methylation analysis 
 
Glycosidic-linkage composition was determined by gas chromatography-quadrupole 
mass spectrometry (GC-qMS) of the partially methylated alditol acetates (Coelho et al., 
2011). Briefly, the polysaccharides were methylated with 80 µL of methyl iodide and 
the mixture was allowed to react for 20 min under stirring. The permethylated 
polysaccharides were hydrolysed with 0.5 mL of 2 M trifluoroacetic acid (1 h at 121 ºC) 
and dried by centrifugal evaporation. The reduction of monosaccharides was performed 
for 1 h at 30 ºC with 20 mg of sodium borodeuteride in 300 µL of 2 M NH3. The 
acetylation was performed with 3 mL of acetic anhydride using 450 µL 1-
methylimidazole as catalyst, for 30 min at 30 ºC. The partially methylated alditol 
acetates were dissolved in 50-100 µL of acetone and 0.2 µL were injected and analysed 
by GC-qMS on an Agilent Technologies 6890N Network gas chromatograph, equipped 
with a 30 m × 0.25 mm (i.d.), 0.1 µm film thickness DB-1 fused silica capillary column 
(J&W Scientific Inc., CA, USA) connected to an Agilent 5973 quadrupole mass 
selective detector. The oven temperature was programmed as follows: 50 ºC to 140 ºC 
at 8 ºC/min (hold 5 min at 140 ºC), to 150 ºC at 0.5 ºC/min and then to 280 ºC at 40 
ºC/min (hold 1 min at 280 ºC). The helium carrier gas had a flow rate of 1.7 mL/min 
and the column head pressure was 2.8 psi. The mass spectrometer was operated in the 
electron impact mode (EI) at 70 eV scanning in the range of 40-500 m/z, in a full scan 
acquisition mode. Identification was achieved by comparing with the standard mass 
spectra and with other spectra available at the laboratory-made database. 
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5.2.7. Determination of Arabinoxylans (AX) 
 
The arabinoxylans content in the final extracts were calculated from the sum of total 
arabinose and total xylose quantified by methylation analysis, after correction for the 
presence of arabinogalactans (AG), assuming an arabinose to galactose ratio of 0.7 
(Dervilly et al., 2002).  
 
5.2.8. Determination of protein 
 
The protein in the extracts was determined by using the Bio-Rad protein assay kit (Bio-
Rad, USA) based on the method of Bradford. 
 
5.2.9. Response Surface Methodology (RSM) 
 
A central composite rotatable design was used for the pre-washing treatment of UAE to 
investigate the effects of three independent variables, ultrasound extraction time (X1), 
ultrasound amplitude (X2) and autoclave extraction time (X3) on the yield of ethanol 
insoluble material obtained. For the alkaline extraction in UAE the same design was 
used to investigate the effects of three independent variables, ultrasound extraction time 
(X1), ultrasound amplitude (X2) and alkali solution concentration (X3), on the yield of 
ethanol insoluble material obtained. In AKE another central composite rotatable design 
was used to investigate the effects of four independent variables, sample/ solvent (w/v) 
ratio (X1), alkali solution concentration (X2), temperature (X3) and extraction time (X4), 
on the yield of ethanol insoluble material obtained. Results from preliminary trials were 
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used to select suitable values for the independent variables. A second order polynomial 
equation (5.3) for the dependent variables was established to fit the experimental data. 
An analysis of variance (ANOVA) was carried out using STATGRAPHICS (Centurion 
XV.II 2.006) to determine the significance of the variables. 
 
Y = β0 + β1X1 + β2X2 + β3X3 … + β11X12 + β22X22 + β33X32 … + β12X1X2 + 
β13X1X3 …                                                                                                        Eq. (5.3) 
where X1, X2, X3 … X12, X22  … X1X2 … are the independent variables with their 
linear, quadratic and interactive models, and β0, β1, β2………β12 are the regression 
coefficients of responses. 
 
5.3. Results and discussion 
 
5.3.1. Optimisation of UAE of arabinoxylan-rich extracts from BSG by RSM 
 
The procedure for UAE consisted of an ultrasound pre-washing treatment with water 
followed by an alkali extraction of the residue (5.1). Preliminary trials were conducted 
to estimate the optimum ratio of mass of sample to volume of solvent (w (g)/ v (mL)) to 
be used in the experiments. The optimum w/v ratio was achieved at 0.04, allowing a 
good performance of the equipment for 5 min by using the highest ultrasound amplitude 
(100 %). After the ultrasound treatment with water, an autoclave procedure was applied 
as a complementary washing treatment for the residue. Following the pre-washing 
treatment using ultrasound and autoclave, an extraction of the residue was performed 
with ultrasound using an alkali solution. This procedure was optimised by RSM for the 
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yield of ethanol-insoluble material and the experimental designs and response values are 
presented in Table 5.1.  
 
Ultrasound pre-washing treatment with water 
The ultrasound pre-washing treatment experimental design (USAC) optimised the 
ultrasound treatment time (X1), ultrasound amplitude (X2) and autoclave time (X3), in 
the ranges of 5-10 min, 25-75 % and 15-45 min, respectively (Table 5.1).  
A regression analysis was carried out to fit mathematical models to the experimental 
data and the regression coefficients for the uncoded variables are shown in Table 5.2. 
The model fitted to the USAC experimental design explains 97.4 % of the yield 
variability and the p-values of regression and ANOVA analysis showed that six 
elements were significantly affecting the yield at 95 % confidence level. The linear 
factor ultrasound amplitude (β2) was the main variable affecting the yield (p ≤ 0.05), 
followed by ultrasound time (β1) and autoclave time (β3). The interaction between 
ultrasound time and amplitude (β12) was the fourth element affecting the yield, 
followed by the quadratic factor of amplitude (β22) and the interaction between 
ultrasound time and autoclave time (β13). 
The estimate response surfaces based on the experimental data (Fig. 5.2) show that 
increasing ultrasound time (X1), ultrasound amplitude (X2) and autoclave time (X3) 
increases the yield. Autoclave time increased yield at low ultrasound amplitudes but had 
no effect on the yield when high ultrasound amplitudes were applied (Fig. 5.2a).	  
Increasing ultrasound time increased the yield and the increment was higher when high 
ultrasound amplitudes were used (Fig. 5.2b). Also, the increase in ultrasound time 
decreased the influence of autoclaving time, indicating that when higher ultrasound 
times were applied, lower autoclaving times were needed (Fig. 5.2c). 
	  	  
 
Table 5.1 – Experimental designs and corresponding response values for UAE of BSG AX. 
 
 Ultrasound + Autoclave extracts (USAC)  Ultrasound Alkaline extract (USAE) 
 XUSAC1 XUSAC2 XUSAC3  Y  XUSAE1 XUSAE2 XUSAE3  Y 
1 7.5 (0) 92 (2) 30 (0)  3.9  5.0 (-1) 75 (1) 3.0 (1)  19.5 
2 11.7 (2) 50 (0) 30 (0)  3.0  7.5 (0) 92 (2) 2.0 (0)  20.7 
3 7.5 (0) 50 (0) 5 (-2)  1.8  7.5 (0) 50 (0) 2.0 (0)  19.8 
4 10.0 (1) 75 (1) 15 (-1)  3.4  7.5 (0) 8 (-2) 2.0 (0)  10.7 
5 7.5 (0) 8 (-2) 30 (0)  1.9  10.0 (1) 75 (1) 3.0 (1)  18.1 
6 5.0 (-1) 25 (-1) 15 (-1)  1.6  11.7 (2) 50 (0) 2.0 (0)  19.4 
7 10.0 (1) 25 (-1) 45 (1)  2.3  7.5 (0) 50 (0) 3.7 (2)  20.1 
8 10.0 (1) 75 (1) 45 (1)  3.4  10.0 (1) 25 (-1) 3.0 (1)  16.4 
9 7.5 (0) 50 (0) 30 (0)  2.0  10.0 (1) 75 (1) 1.0 (-1)  17.6 
10 7.5 (0) 50 (0) 55 (2)  2.5  5.0 (-1) 25 (-1) 3.0 (1)  16.1 
11 7.5 (0) 50 (0) 30 (0)  2.0  5.0 (-1) 25 (-1) 1.0 (-1)  6.6 
12 3.3 (-2) 50 (0) 30 (0)  1.8  5.0 (-1) 75 (1) 1.0 (-1)  16.5 
13 5.0 (-1) 75 (1) 45 (1)  2.7  3.3 (-2) 50 (0) 2.0 (0)  15.9 
14 10.0 (1) 25 (-1) 15 (-1)  2.1  7.5 (0) 50 (0) 0.3 (-2)  6.0 
15 5.0 (-1) 75 (1) 15 (-1)  2.2  10.0 (1) 25 (-1) 1.0 (-1)  9.7 
16 5.0 (-1) 25 (-1) 45 (1)  2.5  7.5 (0) 50 (0) 2.0 (0)  17.0 
XUSAC1 = ultrasound time (min); XUSAC2 = ultrasound amplitude (%); XUSAC3 = autoclave time (min); XUSAE1 = ultrasound time (min); XUSAE2 = 
ultrasound amplitude (%); XUSAE3 = KOH concentration (M); Y = Yield (%). 
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Table 5.2 – Regression coefficients and analysis of variance of uncoded units for UAE 
yield. 
 
Coefficient  USAC  USAE  Estimate p-value  Estimate p-value 
β0  0.3617   -23.490  
β1  0.1038 0.0004  1.926 0.1806 
β2  -0.0257 0.0000  0.460 0.0005 
β3  0.0794 0.0038  16.120 0.0003 
β11  -0.0013 0.8812  -0.051 0.5688 
β12  0.0032 0.0139  -0.007 0.4462 
β13  -0.0040 0.0420  -0.265 0.2873 
β22  0.0003 0.0209  -0.002 0.1047 
β23  -0.0002 0.2453  -0.063 0.0313 
β33  -0.0004 0.1238  -1.944 0.0102 
R2  97.4  95.4 
USAC – ultrasound + autoclave extract; USAE – ultrasound alkaline extract 
 
The combination of an ultrasound treatment for 12 min at 92 % amplitude and 23 min 
of autoclave treatment, predicted by the regression equation (5.3) fitted to the data, 
resulted in an optimum yield value of 4.8 %. In order to make use of all potentialities of 
the equipment, the amplitude was set at the maximum (100 %). The combining factors 
to achieve the maximum yield, using the regression equation, were 5 and 15 min of 
ultrasound and autoclave treatment, respectively. At this amplitude setting the 
extraction time decreased and the maximum predicted yield was 3.1 %. The 
experimental value obtained was 3.1 ± 0.3 % (n=16). The ultrasound intensity average 
as calculated by equations (5.1) and (5.2) at this optimised point, was 14 Wcm-2. 
Sugar analysis (Table 5.3) of these optimised extracts revealed that the US extract (2 % 
of the BSG biomass) was composed of 44 % polysaccharides, and the AC extract (1 % 
of the BSG biomass) was composed of 40 % polysaccharides. The major sugars 
identified were xylose, glucose, arabinose and uronic acids. 
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Figure 5.2 – Estimated response surfaces for the effect of (a) ultrasound amplitude 
(AMP) and autoclave extraction time, (b) ultrasound extraction time and ultrasound 
amplitude and (c) ultrasound extraction time and autoclave extraction time on the yield 
of ethanol-insoluble material (USAC) obtained. 
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Methylation analysis (Table 5.4) revealed the presence of high molar percentage of 4-
Glcp, especially in AC extracts, that could be indicative of starch. In addition to the 
presence of AX, inferred by the high molar percentage of 4-Xylp corresponding to the 
xylan backbone of AX, and t-Araf accounting to the arabinofuranose AX side chain 
residues. These results suggest that the pre-washing treatment allows the removal of the 
BSG residual starch both by ultrasound and autoclave treatments. A first treatment with 
water and ultrasound was also reported as a refining step for the removal of 
contaminated starch and proteins (Ebringerová & Hromádková, 2002) and to lower the 
amount of associated lignin to the xylans (Sun et al., 2004) before the alkaline 
extraction of xylans. 
 
Table 5.3 – Sugar analysis after acid hydrolysis of BSG and the extracts obtained from 
UAE and AKE and the respective final residues. 
 
   Yield 
(%) 
 Mol (%)  Total sugar 
(mg/g)  Ara Xyl Man Gal Glc UA 
             
BSG   −  15 34 1 2 38 7  442 
             
UAE US  2.2  26 29 − 3 27 15  437 
AC  1.1  14 16 − 3 44 23  398 
USAE  20.3  25 65 − 2 − 8  474 
FR UAE  −  6 19 − − 41 24  449 
             
AKE ALK  20.3  26 49 − 2 9 13  763 
FR AKE  −  9 25 − − 66 0  475 
UAE – ultrasound-assisted extraction; US– ultrasound extract; AC– autoclave extract; USAE – ultrasound alkaline extract; AKE -  
alkaline extraction; ALK – alkaline extract; FR – final residue. 
 
Despite AX already having been extracted from the germinated grain by the hot water 
extraction during the production of the wort, a portion of AX and starch is still trapped 
within the BSG matrix by a proteinaceous barrier (Faulds et al., 2009). The ultrasound 
treatment seems to break the proteinaceous barrier in only 5 min at room temperature in 
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contrast to a 24 h treatment using proteases at 40 ºC to recover these water soluble AX 
(Faulds et al., 2009). 
 
Table 5.4 – Methylation analysis of the extracts obtained by UAE and AKE. 
Linkage  Ultrasound assisted extraction  Alkaline extraction  US AC USAE  ALK 
t-Araf  32.2 22.6 24.8  26.4 
2-Araf  0.5 0.3 1.8  1.4 
3-Araf  0.8 0.8 3.5  2.8 
5-Araf  1.0 0.8 1.1  1.4 
3,5-Araf  ⎯ ⎯ 0.1  ⎯ 
       
t-Xylp  1.6 1.4 5.4  4.6 
3-Xylp  t ⎯ 0.2  ⎯ 
4-Xylp  19.9 18.2 30.3  31.9 
2,4-Xylp  3.2 3.6 12.8  8.3 
3,4-Xylp  4.5 2.8 5.7  4.0 
2,3,4-Xylp  9.8 4.6 10.7  6.7 
       
t-Manp  t 0.1 ⎯  t 
2-Manp  0.4 0.2 ⎯  0.2 
6-Manp  ⎯ ⎯ ⎯  t 
2,6-Manp  ⎯ ⎯ ⎯  t 
       
t-Galp  0.4 0.3 1.4  0.9 
3-Galp  0.7 0.5 0.2  t 
4-Galp  0.2 0.1 0.2  0.2 
6-Galp  0.5 ⎯ 0.2  t 
3,6-Galp  0.3 ⎯ 0.2  t 
       
t-Glcp  2.3 1.8 0.2  0.9 
3-Glcp  1.3 0.4 ⎯  0.7 
4- Glcp  18.6 41.0 0.8  8.5 
6-Glcp  0.3 0.2 t  0.1 
4,6-Glcp  1.1 0.3 ⎯  0.3 
glucitol  0.3 ⎯ 0.4  0.1 
US– ultrasound extract; AC– autoclave extract; USAE – ultrasound alkaline extract; ALK – alkaline extract; t- traces (Mol % < 0.1). 
 
Ultrasound alkaline extraction 
The ultrasound alkaline extraction experimental design (USAE) started with the use of 
the optimum conditions achieved for the previous experimental design; 100 % 
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ultrasound amplitude for 5 min which was followed by 15 min autoclave treatment. The 
experimental design optimised the ultrasound extraction time (X1), ultrasound 
amplitude (X2) and alkali solution concentration (X3) in the ranges of 5-10 min, 25-75 
% and 1-3 M KOH, respectively (Table 5.1). 
The model fitted to the USAE experimental design explains 95.4 % of the variability in 
the yield and the p-values of regression and ANOVA analysis showed that four effects 
have significant influence on the yield (Table 5.2), at 95 % confidence level. The main 
effect is the alkali solution concentration (β3), followed by ultrasound amplitude (β2), 
the quadratic factor of alkali solution concentration (β33) and the interaction of the 
ultrasound amplitude and alkali solution concentration (β23). Estimate response 
surfaces based on the experimental data (Fig. 5.3) show that the yield increases with the 
increase of ultrasound amplitude, alkali solution concentration and ultrasound extraction 
time. Alkali solution concentration and extraction time have been reported as important 
parameters that strongly affect the UAE yield of xylans (Hromádková & Ebringerová, 
2003; Hromádková et al., 1999; Sun et al., 2002; Sun & Tomkinson, 2002). However, 
while at low ultrasound amplitudes the increase in alkali concentration increases the 
yields at high ultrasound amplitudes the increase in alkali concentration does not affect 
significantly (p ≤ 0.05) the yield obtained (Fig. 5.3a). A low level of significance (p ≤ 
0.05), it was observed that prolonged ultrasound extraction time increases the yield with 
the increase of ultrasound amplitude (Fig. 5.3b). Also the increase in ultrasound 
extraction time at low alkali solution concentration increases significantly (p ≤ 0.05) the 
yield, yet at high alkali solution concentration it showed no influence on the yield (Fig. 
5.3c). These results suggest that higher ultrasound amplitudes promote the degradation 
of polymeric material, which is probably soluble in ethanol solutions or could be lost 
during the dialysis step and consequently leads to a decrease in the yield obtained. The 
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results also suggest that the extent of degradation is a compromise between the alkali 
solution concentration and the ultrasound amplitude applied.  
The optimum conditions chosen, using the regression equation fitted to the data, for 
maximising the yield of ethanol-insoluble material were ultrasound extraction time of 5 
min at 100 % ultrasound amplitude and 2 M KOH. The predicted yield by the 
regression equation (5.3) was 20.2 %, and the experimental value observed was 20.3 ± 
0.4 % (n=5). The ultrasound intensity average calculated by equations (5.1) and (5.2) at 
this optimum point was 3 Wcm-2. 
The sugar analysis of the optimised extracts (Table 5.3) show that they were composed 
of 47 % polysaccharides rich in xylose and arabinose residues. These extracts also 
contained residual amounts of uronic acids and galactose. In contrast to the previous 
extracts no glucose was detected. Methylation analysis (Table 5.4) confirmed the 
presence of AX due to the highest molar percentage of 4-Xylp and the t-Araf, together 
with all other sugar residues characteristic of AX, namely 2,4-Xylp, 3,4-Xylp and 2,3,4-
Xylp considered as the common substitution linkages to the arabinofuranose residues. 
The presence of 5-Araf indicates that the extracted AX were feruloylated (Grootaert et 
al., 2007). The presence of 4-Glcp could be considered as a residual when compared to 
the previous US and AC extracts. The presence of 3-Galp, 6-Galp and 3,6-Galp 
simultaneously with 2-Araf and 3,5-Araf suggests the presence of a residual type II 
arabinogalactans (AG). Residual AG have also been reported in literature in barley and 
barley malt (Dervilly et al., 2002). 
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Figure 5.3 – Estimated response surfaces for the effect of (a) ultrasound amplitude 
(AMP) and KOH concentration, (b) ultrasound extraction time and ultrasound 
amplitude and (c) ultrasound extraction time and KOH concentration on the yield of 
ethanol-insoluble material (USAE) obtained. 
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5.3.2. Optimisation of AKE of arabinoxylan-rich extracts from BSG by RSM 
 
The conventional alkaline extraction (AKE) was also optimised by RSM for the 
optimum yield of polymeric material, obtained by ethanol precipitation followed by 
dialysis. The experimental design and corresponding response values are presented in 
Table 5.5. The independent variables optimised were (i) weight of sample to the volume 
of solvent (w/v ratio, in the range of 0.08 to 0.16), (ii) alkali solution concentration (2-4 
M), (iii) temperature (35-55 ºC) and (iv) extraction time (4-10 h).  
A regression analysis was carried out to fit the mathematical models to the experimental 
data and the regression coefficients for the uncoded variables are shown in Table 5.6. 
The model fitted explains 74.5 % of the yield variability and the p-values of regression 
and ANOVA analysis showed three effects significantly (p ≤ 0.05) influencing the 
yield, at 95 % confidence level. The quadratic factor of extraction temperature (β33) is 
the main influence on yield (p ≤ 0.05), followed by the w/v ratio (β1) and concentration 
of the alkali solution (β2). 
The estimate response surfaces based on the experimental data (Fig. 5.4) show that 
increasing temperature and alkali solution concentration promoted a yield increase. 
However, at higher temperatures there was a significant decrease (p ≤ 0.05) in the yield 
(Fig. 5.4a and 5.4c). The influence of temperature on the xylans extraction was also 
reported by Hromádkova, Kováčiková and Ebringerová (1999), who suggested that the 
increase in the temperature and alkali concentration increased the degradation of xylans, 
and subsequently promoted the depolymerisation into shorter xylans that were soluble 
in ethanol solution. The increase in the w/v ratio gave a decrease in the yield (Fig. 5.4b 
and 5.4c). Increasing the concentration of the alkali solution at the highest ratio did not 
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show an influence on the final yield obtained (Fig. 5.4b), since increasing the sample 
weight for the same solvent volume seems to decrease the hydration and swelling 
processes. 
 
Table 5.5 – Experimental design and corresponding response values for AKE of BSG 
AX. 
 
  X1   X2   X3   X4   Y  
1  0.12 (0)  3 (0)  65 (2)  7 (0)  4.1  
2  0.16 (1)  2 (-1)  55 (1)  10 (1)  4.6  
3  0.16 (1)  2 (-1)  55 (1)  4 (-1)  5.8  
4  0.12 (0)  3 (0)  45 (0)  7 (0)  18.3  
5  0.16 (1)  4 (1)  35 (-1)  10 (1)  5.8  
6  0.16 (1)  4 (1)  35 (-1)  4 (-1)  7.3  
7  0.08 (-1)  4 (1)  35 (-1)  10 (1)  15.5  
8  0.04 (-2)  3 (0)  45 (0)  7 (0)  20.8  
9  0.12 (0)  3 (0)  45 (0)  7 (0)  21.5  
10  0.16 (1)  2 (-1)  35 (-1)  10 (1)  9.2  
11  0.08 (-1)  2 (-1)  35 (-1)  10 (1)  11.0  
12  0.12 (0)  3 (0)  45 (0)  7 (0)  21.5  
13  0.12 (0)  3 (0)  45 (0)  7 (0)  21.6  
14  0.08 (-1)  4 (1)  55 (1)  10 (1)  17.3  
15  0.08 (-1)  2 (-1)  55 (1)  4 (-1)  14.3  
16  0.08 (-1)  4 (1)  55 (1)  4 (-1)  19.2  
17  0.12 (0)  3 (0)  25 (-2)  7 (0)  10.3  
18  0.16 (1)  4 (1)  55 (1)  10 (1)  12.9  
19  0.12 (0)  5 (2)  45 (0)  7 (0)  25.0  
20  0.12 (0)  3 (0)  45 (0)  7 (0)  22.1  
21  0.08 (-1)  2 (-1)  35 (-1)  4 (-1)  15.8  
22  0.16 (1)  4 (1)  55 (1)  4 (-1)  11.9  
23  0.12 (0)  3 (0)  45 (0)  1 (-2)  20.7  
24  0.20 (2)  3 (0)  45 (0)  7 (0)  15.0  
25  0.16 (1)  2 (-1)  35 (-1)  4 (-1)  7.0  
26  0.08 (-1)  4 (1)  35 (-1)  4 (-1)  9.9  
27  0.08 (-1)  2 (-1)  55 (1)  10 (1)  12.9  
28  0.12 (0)  3 (0)  45 (0)  13 (2)  21.6  
29  0.12 (0)  1 (-2)  45 (0)  7 (0)  9.5  
X1= sample/solvent ratio (w/v); X2= KOH concentration (M); X3= temperature (ºC); X4= time (h); Y= yield (%). 
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Table 5.6 – Regression coefficients and analysis of variance of uncoded units for AKE 
yield. 
 
Coefficient Estimate p-value 
β0 -79.90  
β1 200.00 0.0181 
β2 3.37 0.0485 
β3 3.59 0.8264 
β4 1.13 0.9939 
β11 -1054.00 0.1566 
β12 5.54 0.8519 
β13 -0.88 0.7674 
β14 1.46 0.8823 
β22 -1.85 0.1237 
β23 0.18 0.1559 
β24 0.17 0.6607 
β33 -0.04 0.0024 
β34 -0.01 0.7884 
β44 -0.10 0.4491 
R2 74.5 
 
The optimum yield, predicted by the regression equation (5.3) fitted to the data, was 
23.2 % by the combination of the factors, which maximised the yield over the studied 
region. This combination was 0.09 (w/v), 3.7 M KOH, 47 ºC and 7.2 h. Since in UAE 
the ratio was limited to 0.04, the alkaline extraction was performed using this ratio for 
the purposes of comparing the two methods. To maximise the yield using this ratio, the 
combination of the other factors were 3 M KOH, 45 ºC and 7 h and the predicted yield 
by the regression equation was 20.1 % while the experimental value obtained was 20.3 
± 1.7 % (n=3).  
The extracts obtained under the optimised conditions were composed of 76 % 
polysaccharides and the major sugar residues identified were xylose followed by 
arabinose and residual amounts of uronic acids, glucose and galactose (Table 5.3). 
These extracts were richer in sugars than the USAE (47.4 %), although the major sugars 
and their glycosidic-linkage composition were similar.  
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Figure 5.4 – Estimated response surfaces for the effect of (a) KOH concentration and 
temperature, (b) weight sample to volume solvent ratio (w/v) and (c) KOH 
concentration and w/v ratio and temperature on the yield of ethanol-insoluble material 
(AE) obtained. 
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These extracts showed the highest molar percentages of 4-Xylp and t-Araf (Table 5.4). 
The lower relative percentages of 2,4-Xylp, 3,4-Xylp and 2,3,4-Xylp in ALK as 
compared to USAE showed the presence of less branched structures. The 4-Glcp 
linkage, indicative of the presence of residual starch, accounted for 8.5 % in ALK 
whereas it was almost absent in USAE (0.8 %), indicating that the USAE is able to 
recover an extract almost absent of starch. This could be attributed by the US and AC 
pre-treatments. In addition, a 3-Glcp linkage was also identified, also present in both US 
and AC extracts, suggesting the presence of residual β-glucans. The residual galactose 
linkages were also identified in these extracts but in lower amounts when compared to 
the USAE, reflecting the presence of residual AG. The 2-Manp, 6-Manp and 2,6-Manp, 
which are typical linkages of mannoproteins found in the yeast used for production of 
the beer (Lesage & Bussey, 2006; Lipke & Ovalle, 1998), were also present in residual 
amounts in the extract obtained under the optimised AKE conditions. The presence of 
mannoproteins may reflect some contamination of Saccharomyces in the BSG analysed. 
 
5.3.3. Ultrasound assisted extraction (UAE) vs alkaline extraction (AKE) 
 
A similar yield of polymeric material (20 %) was obtained in UAE when compared to 
the AKE reference method used. The final residue (FR) after the application of UAE 
was composed of fewer sugars than the FR after AKE but the quantity of AX remaining 
(30 %) was similar (Table 5.3). This means that the UAE was more efficient in 
extracting polysaccharides from the BSG than the AKE, and as efficient as AKE in 
extracting AX. However, the final extract USAE was composed of less sugars than the 
ALK and the composition in AX was 45 %, while ALK was composed of 66 % AX 
(Table 5.7). The lower amount of AX and the results obtained in section 5.3.1 suggests 
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that UAE, although more efficient in the extraction of the polysaccharides from the cell 
walls of BSG, promotes their degradation and generates shorter polymers which are 
probably soluble in ethanol and/or lost in the dialysis step used in this work. The ratios 
of Xyl total / t-Xyl and Xyl ram / Xyl total, determined for the USAE indicates that the AX 
in this extract were slightly smaller and more branched than those recovered in the ALK 
(Table 5.7). Optimisation reflecting AX yields using UAE should be done in order to 
improve the amount of AX in the extracts obtained.  
The composition of USAE and ALK also differs with respect to the quantity of protein 
present and in the type and quantity of other polysaccharides (Table 5.7). In addition to 
the AX, USAE was also composed of 2 % AG and residual starch, while ALK in 
addition to AX also contained 2 % AG, 7 % starch and residual amounts of β-glucans. 
The difference in the quantity of starch in the USAE, values these extracts when 
compared to the ALK.  
 
Table 5.7 – Content of polysaccharides (AX, AG, β-glucans and starch) and protein of 
AX-rich extracts obtained from BSG. 
 
  
Yield 
(%) 
Polysaccharides (%)  AX Protein 
(%)   
  AX AG β-glucans Starch 
 Xyl total  Xyl ram   
t-Xyl  Xyl total 
              
US  2 31 2 0.6 8  24  0.4  4 
              
AC  1 21 1 0.1 16  22  0.4  8 
              
USAE 20 45 2 — 0.4  12  0.5  25 
              
ALK 20 66 2 0.5 7  14  0.3  17 
US– ultrasound extract; AC– autoclave extract; USAE – ultrasound alkaline extract; ALK – alkaline extract; AX – Arabinoxylans (Xyl 
total + Ara total - (Gal total x 0.7 x 180/150)); AG – Arabinogalactans (Gal total + (Gal total x 0.7 x 180/150)); Xyl ram – (2,4-Xyl + 
3,4-Xyl + 2*2,3,4-Xyl). 
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The extracts obtained with the pre-washing treatment revealed a considerable amount of 
AX, 31 % in US extracts and 21 % in AC extracts (Table 5.7). AX extracted with water 
showed a higher Xyltotal / t-Xyl, which is in accordance with Dervilly et al. (2002) for 
barley and Mandalari et al. (2005) for BSG. This type of AX has been correlated with 
higher prebiotic activity, however the high quantity of starch in these extracts and the 
high costs associated with its removal could hinder the application of these extracts as 
prebiotics.  
As an example, using 1 tonne of BSG would result in 90 kg of AX being obtained using 
UAE, while using the conventional alkaline method 132 kg of AX would be recovered. 
However, the extracts obtained by UAE were almost absent of starch, which is a 
considerable economic advantage. The extract obtained with the conventional alkaline 
extraction from 1 tonne of BSG will have 14 kg of associated starch while the extract 
obtained with UAE will have only 0.8 kg of starch. It is expected that the costs 
associated with starch removal will be much higher in the conventional method. These 
costs will also be compounded by energy costs of 7 h extraction at 45 ºC, and the 
amount of alkaline reagent required in contrast with the 25 min UAE at room 
temperature and with less alkaline reagent used. Moreover, the amount of AX in the 
extracts produced by UAE can be improved if the optimisation reflecting AX yields will 
be considered. 
The recovery of AX using the extracts obtained with the pre-washing treatment is 
expected to be much too expensive due to the presence of starch. However, the pre-
washing treatment should not be skipped because it helps washing the residue for the 
following ultrasound alkaline treatment, leading to the production of extracts depleted 
of starch, which could enhance their potential prebiotic applications.  
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5.4. Conclusion 
 
The efficiency of UAE in the production of AX- rich extracts from BSG was shown by 
the significant reduction in the extraction time and energy consumption, for possible 
industrial applications. Another advantage of the application of UAE is the removal of 
starch from the final AX-rich extract. The AX recovered by UAE were more branched 
than those recovered by AKE, which allows the set up of other extraction procedures in 
order to obtain AX structures for different possible applications. 
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Addendum 
The interest on the use of AX as a nutraceutical is supported not only by reported 
studies that indicate them as a promising prebiotic due to their nature as non-digestible 
carbohydrates slowly fermentable (Cloetens et al., 2010; Grootaert et al., 2007; Gullón 
et al., 2014; Hughes et al., 2007; Pastell et al., 2009; Vardakou et al., 2008) but also by 
the scientific evidence approved by EFSA that consumption of AX produced from 
wheat endosperm contributes to a reduction of the glucose rise after a meal (EFSA 
Panel on Dietetic Products, 2011a). 
The paper previously presented tried to meet the challenge of finding novel techniques 
and novel economical sources for prebiotic production using AX from BSG. 
Ultrasound-assisted extraction was the novel technique chosen and with regard to a 
preliminary study a bench-ultrasonic processor was used, which brought some 
limitations to the study such as limitations of the probe. The optimal extraction was 
predicted by a second order polynomial equation (5.3) but the optimal conditions were 
not used due to limitations of the probe. High extraction times overheated the probe 
overloading the system after continuous extractions. The times of extraction needed to 
be reduced for an optimum performance of the probe in continuous extractions (5 min). 
This drawback was offset by an increase in amplitude, however maximum recovery 
could not be achieved with these new conditions. This procedure did not question the 
results because the objective of the paper was the evaluation of ultrasound-assisted 
extraction efficiency in comparison with the conventional method used. 
The proposed extraction method of AX from BSG consisted in an ultrasound pre-
washing treatment followed by an ultrasound alkaline extraction (Fig. 5.1). The 
procedure included after each extraction (1) the precipitation with ethanol of the 
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polysaccharides and oligosaccharides extracted into the supernatant, (2) dialysis of the 
resuspended precipitate, to remove lower molecular weight compounds that could have 
also precipitated in ethanol and finally (3) feeze-dry the retentate to concentrate the 
extracts.  
The paper in this chapter presented a novel extraction of AX from BSG with 
ultrasound-assisted extraction, showing the improved efficiency of ultrasound by the 
significant reduction in extraction time and energy consumption compared to the 
conventional method used. 
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Abstract 
Arabinoxylans (AX) consumption has been related to the treatment and prevention of 
cardiovascular diseases, type II diabetes, colorectal cancer and obesity. The beneficial 
health effects are conferred through gut microbiota modulation, and therefore, they have 
been proposed as potential slowly fermentable prebiotic candidates. As the mechanisms 
are not yet well understood, the prebiotic potential of AX from brewer’s spent grain 
(BSG) has been investigated. Two types of AX from BSG (AX1 and AX2) of different 
length and branching averages were fermented with human faecal inocula and compared 
to fermented cultures containing a commercial prebiotic (fruto-oligosaccharide (FOS)) 
and cultures with no added carbohydrate (control). Results demonstrated that the AX 
were extensively metabolised after 48 h of fermentation. The pH decreased along 
fermentation and the lowest value was achieved in AX1 cultures. The production of 
short chain fatty acids (SCFA) was higher in AX cultures than in cultures containing 
FOS and controls, with AX1 presenting the highest concentrations. The stimulatory 
effect of beneficial bacteria was higher in AX cultures and AX2 presented the highest 
positive effect. Prebiotic potential of AX from BSG was confirmed by the production of 
SCFA and the modulation of gut microbiota, especially by the high increase in 
bifidobacteria populations. 
 
 
 
 
Keywords: arabinoxylans; brewer’s spent grain; prebiotics; short chain fatty acids; 
qPCR; intestinal microbiota. 
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6.1 Introduction 
 
The influence of fibre on the functionality of the digestive tract plays an important role 
in both prevention and treatment of cardiovascular diseases, diabetes, colorectal cancer 
and obesity. For this reason, fibre is being regarded as a potential source of prebiotics 
(Nawirska & Kwasniewska, 2005). A prebiotic is a selectively fermented ingredient that 
allows specific changes in the composition and/or activity of the gastrointestinal 
microbiota thus improving the host wellbeing and health (Figueroa-González et al., 
2011). A food component needs to fulfil three criteria to be classified as a prebiotic: (i) 
not hydrolysed nor absorbed in the upper part of the gastrointestinal tract, (ii) maintain a 
good gastrointestinal environment and (iii) selectively stimulate the beneficial 
microflora (Figueroa-González et al., 2011; Voragen, 1998). Prebiotics are usually non-
digestible carbohydrates (NDC) because they are not susceptible to gastric acid, 
gastrointestinal enzymes or absorption in the small bowel (Voragen, 1998). Studies 
reported on NDC indicate that they can reach the large intestine and the caecum, where 
they are consumed by the gut microbiota generating short chain fatty acids (SCFA). 
These acids (especially acetate, butyrate and propionate) provide metabolic energy for 
the host and acidify the bowel, which is considered a major beneficial feature related to 
the primary prevention of colorectal cancer (Charalampopoulos et al., 2002; Holzapfel 
& Schillinger, 2002). 
Arabinoxylans (AX) are NDC predominant in cereal grains, and are the primary 
component of the walls that surround plant cells in the starchy endosperm of most 
cereals (Hopkins et al., 2003). They are composed of β-D-(1è4)-linked-xylopyranosyl 
residues to which α-L-arabinofuranose units are linked as side chains and some of them 
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are substituted with monomeric or dimeric ferulic acid residues (Grootaert et al., 2007). 
Studies reported on AX fermentation by human intestinal bacteria indicate that 
fermentation of AX promotes the growth of Bifidobacterium, Lactobacillus and 
Eubacterium groups (Cloetens et al., 2010; Grootaert et al., 2007; Gullón et al., 2014; 
Hughes et al., 2007; Pastell et al., 2009; Vardakou et al., 2008) and, to a smaller extent, 
also promotes the growth of Bacteroides and Clostridium species (Hughes et al., 2007). 
This process results in the formation of bacterial metabolites such as SCFA and 
especially the increase of propionic acid concentration (Kabel et al., 2002; Napolitano 
et al., 2009; Rose et al., 2009). Propionate can be absorbed in the gut, enter the blood 
stream and reach the liver via the portal vein, where it has been associated with reduced 
cholesterol synthesis and improved insulin sensitivity (Grootaert et al., 2007; Neyrinck 
et al., 2011; Van den Abbeele et al., 2011), but the mechanisms are not yet fully 
understood. Humanized rats fed with AX (in vivo model) revealed an increase in faecal 
SCFA concentrations, a stimulated propionate production, an increase in bifidobacteria 
and a moderate induction of some Clostridium strains, suggesting that AX confer 
beneficial health effects through gut microbiota modulation (Van den Abbeele et al., 
2011). The bifidogenic properties (basic criterion for a compound to be considered a 
prebiotic) and the prebiotic index values reported for AX were similar or even higher 
than other well-established prebiotics such as inulin and fructooligosaccharides (FOS) 
(Grootaert et al., 2007; Napolitano et al., 2009; Vardakou et al., 2008). Also, there is 
currently a great interest in obtaining prebiotic carbohydrates with improved properties, 
that would be able to reach the distal regions of the colon unaltered and promote the 
growth of specific bacteria (Grootaert et al., 2007). Usually these carbohydrates have 
complex branched structures, requiring several enzymes to degrade them. This means 
that the fermentation takes place in the most distal part of the colon and AX fits this 
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requirement (Grootaert et al., 2007). For these reasons they have been extensively 
proposed in the last decade as potential candidates for slowly fermentable prebiotics.  
The main cereal source of AX is wheat or wheat bran (Gullón et al., 2014; Hughes et 
al., 2007; Pastell et al., 2009; Rose et al., 2009) due to its high content of AX. Also, and 
to a lesser extent, fermentation of AX was reported in rye (Pastell et al., 2009), rice and 
maize brans (Rose et al., 2009) and brewer’s spent grain (BSG) (Kabel et al., 2002). 
The reported differences for these cereals were a consequence of the AX structure, as 
the fermentation of AX in the colon was influenced by their molecular mass (Hughes et 
al., 2007) and their degree of substitution (Pastell et al., 2009; Rose et al., 2009). 
Fermentation of AX from BSG is scarcely reported (Kabel et al., 2002) and should be 
explored further. BSG is the main by-product of the brewing industry (20 kg per 100 L 
of beer produced) and huge amounts are generated just in Europe every year, and thus it 
is available at low cost (Mussatto et al., 2006). Despite most of the AX in barley being 
extracted during the brewing process, BSG still contains up to 30 % of AX, in addition 
to being a largely available cheap by-product source (Mussatto et al., 2006).  
In this work the prebiotic potential of AX from BSG was assessed by fermentation 
using human faecal inocula, on the basis of: (i) substrate consumption, (ii) pH shifts, 
(iii) SCFA and lactate accumulation and (iv) evolution of selected bacterial populations. 
 
6.2 Material and methods 
 
6.2.1 Carbohydrate sources 
 
The AX used in this fermentation were obtained from BSG by using ultrasound-assisted 
extraction (AX1) or a conventional alkaline extraction method (AX2) as described in 
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sections 5.2.3 and 5.2.4. The composition of the extracts and AX characterisation by the 
estimated degree of polymerisation and branching determined in chapter 5 and 
presented in Table 5.7 is resumed in Table 6.1 for the purposes of this chapter study. 
 
Table 6.1 – Composition of the AX-rich extracts used as carbon sources and 
characterisation of the AX in each extract. 
 
 Polysaccharides   Protein  AX AX AG Glucans   DP  DB 
AX1          
Extract (%) 45 2 0.4  25  12  0.5 FA (g/L) 5 0.2 0.04  3   
          
AX2          
Extract (%) 66 2 7.5  17  14  0.3 FA (g/L) 5 0.2 0.5  1   
AX – Arabinoxylans; AG – Arabinogalactans; DP – Degree of polymerisation; DB – Degree of branching; 
FA – Fermentation assay. 
 
6.2.2 In vitro fermentation 
 
Faecal inocula  
Faecal samples were obtained from three healthy human volunteers, who usually 
ingested a normal diet, presented no digestive diseases and had not taken antibiotics for 
at least 3 months. Faeces were collected into sterile vials, kept in an anaerobic cabinet 
and used within a maximum of 2 h after collection. Faecal inocula (FI) was prepared by 
dilution in a reduced physiological salt solution (RPS: cysteine-HCl 0.5 g/L and NaCl 
8.5 g/L) to obtain a concentration of 100 g faeces/L RPS at pH 6.8, following the 
methodology previously described (Hartemink et al., 1999). 
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Fermentation media 
The nutrient base medium used in the fermentation assays was modified as reported by 
other authors (Jaskari et al., 1998). Briefly, a solution containing 5.0 g/L trypticase soya 
broth (TSB) without dextrose (BBL, Lockeysville, USA), 5.0 g/L bactopeptone 
(Amersham, Buckinghamshire, UK), 0.5 g/L cysteine-HCl (Merck, Darmstadt, 
Germany), 1.0 % (v/v) of salt solution A (100.0 g/L NH4Cl, 10.0 g/L MgCl2·6H2O, 10.0 
g/L CaCl2·2H2O) and trace minerals solution, 0.2 % (v/v) of salt solution B (200.0 g/L 
K2HPO4·3H2O) and 0.2 % (v/v) of 0.5 g/L resazurin solution, was prepared in distilled 
water. The final pH of the medium was adjusted to 6.8 and deoxygenated with a 
constant stream of nitrogen bubbled through the medium overnight. Aliquots were 
dispensed into airtight anaerobic serum bottles, which were sealed with aluminium caps 
before sterilisation by autoclave. Stock solutions of yeast nitrogen base (YNB) and 
fructooligosaccharides from chicory (FOS) (Sigma-Aldrich Co., St. Louis, USA) were 
sterilised under syringe filters of 0.2 µm (Chromafils, Macherey-Nagel, Düren, 
Germany) into sterile airtight serum bottles, whereas the solutions of AX were 
pasteurised at 100 ºC for 12 min.  
YNB, AX and FOS solutions were aseptically added (using syringes and needles) to the 
anaerobic serum bottles with nutrient base medium before inoculation, to achieve a final 
concentration of 5.0 g /L in each solution. The serum bottles were inoculated with 
faecal slurry dilution to a final concentration of 2 % (v/v) and incubated at 37 ºC for 48 
h without shaking. All additions and inoculations were carried out inside an anaerobic 
cabinet (5 % H2, 10 % CO2 and 85 % N2). Samples were collected at 0, 6, 12, 24 and 48 
h of fermentation. Each time cultures were centrifuged at 13,200 rpm for 10 min, and 
pellets and supernatants were collected for further analysis (see below).  
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6.2.3 Quantification of target bacteria by quantitative Real-Time PCR (qPCR) 
 
The pellets were suspended in PBS buffer and centrifuged at 6000 rpm for 5 min. The 
treatment was repeated three times and was finally stored in PBS buffer at -20 ºC until 
DNA extraction. DNA was extracted using the QIAamp Stool DNA Mini Kit (Qiagen, 
Hilden, Germany) following the kit handbook instructions. The isolated DNA was 
stored at -20 ºC until use. Amplification and detection of purified bacterial DNA by 
qPCR were performed with an IQ5 from Biorad (Hercules, USA). Primers specifically 
targeting the 16S rRNA gene of the Bifidobacterium spp., Bacteroides-Prevotella group 
and C. coccoides-E. rectale group previously described by Rintilla et al. (2004) (Rinttilä 
et al., 2004) and total bacteria previously described by Ovreas et al. (1997) (Ovreås et 
al., 1997), were used. The amplification reactions were carried out in a total volume of 
20 µL containing 10 µL of Maxima SYBR Green/ Fluorescein qPCR Master Mix (2x) 
(Thermo Scientific, Vilnius, Lithuania), 1 µL of each 10 µM forward and reverse 
primers (STABvida, Caparica, Portugal), 1 µL of template DNA, and 7 µL nuclease-
free water (Thermo Scientific). The amplification program consisted of one cycle at 95 
ºC for 5 min, and 35 cycles comprising 95 ºC for 30 s, 60 ºC for 30 s and 72 ºC for 30 s. 
The amplified PCR fragments were checked by melting curves and reactions were 
heated from 55 to 95 ºC with 10 s holds at each temperature, at a rate of 0.05 ºC/s with 
continuous monitoring of fluorescence. 
Standard curves were created using a 10-fold dilution series of between 0.5 pg and 60 
ng (ca 15-110 to 1.5 x 105-1.1 x 106 target genomes) from bacterial genomic DNA 
extracted from pure cultures of Bifidobacterium longum LMG 13197, Bacteroides 
fragilis LMG 10263, Clostridium sphenoides LMG 10390 and Escherichia coli DH5α. 
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Standard curves were made by plotting the threshold cycle (Ct) values obtained for the 
standard cultures as a linear function of the base 10 logarithm of the corresponding 
number of target genome. Ct values were calculated as the cycle number at which the 
reaction became exponential. The number of target genomes was calculated by 
assuming average molecular masses of 660 Da for 1 base pair (bp) of double-stranded 
DNA, and using the following equation: target genome per nanogram = (n x MW)/(Nl x 
10-9), where n is the length of the standard in bp, MW is the molecular weight per bp, 
and Nl is the Avogadro constant (6.02 x 1023 molecules per mol). Analysis of the 
standard curves allowed verification of PCR efficiency for the PCR conditions used. 
The number of target genomes in the faecal cultures was determined by comparing the 
Ct values obtained to the standard curve. All results were calculated as means of 
duplicate determinations. 
 
6.2.4 Analysis of carbohydrates and fermentation products in fermentation media 
 
The supernatants from the anaerobic culture tubes inoculated with FI, collected during 
fermentation were filtered through 0.20 µm cellulose acetate membranes (Chromafils, 
Macherey-Nagel, Düren, Germany). Aliquots of the filtered samples were assayed for 
organic acids (lactic, acetic, propionic and butyric acids) using an Agilent 1200 series 
HPLC system with a refractive index (RI) detector (Agilent, Germany). Organic acids 
were separated on an Aminex HPX-87H column (BioRad, Hercules, CA) using 0.003 
M H2SO4 as mobile phase, at a flow rate of 0.6 mL/min. Column temperature was 
maintained at 50 ºC. A second sample of supernatants at 0 h and 48 h, were treated with 
4 % sulfuric acid at 121 °C for 20 min (quantitative posthydrolysis), and the reaction 
products were assayed by the same HPLC method. Quantification of organic acids and 
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neutral sugars were done using external standard method. The areas obtained were 
compared with the areas of a 1g/L standard solution. 
 
6.2.5 Statistical analysis 
 
ANOVA one-way statistical analysis was carried out to determine significant 
differences between means in the quantification of bacteria populations by qPCR. To 
assess which means were different, the Tukey method was used as a follow-up test to 
ANOVA. Differences were considered to be statistically significant at a 95 % 
confidence level (p ≤ 0.05). 
 
6.3 Results and discussion 
 
6.3.1 Arabinoxylans consumption  
 
As can be seen in Table 6.2, both AX1 and AX2 were extensively metabolised by the 
intestinal microbiota, but show differences in the consumption pattern between 
individuals.  
In faecal cultures from donor 1 containing AX1, arabinose residues were almost fully 
consumed, however 14 % of the xylose residues remained in the medium. These results 
indicate that branched structures were preferentially consumed to linear fragments. In 
cultures containing faeces from donor 2 and AX1, arabinose residues were 
quantitatively metabolised and 2 % of xylose moieties were not consumed, which 
means that all the branched structures were utilised by bacteria remaining only residual 
linear structures in the media. In faecal cultures from donor 3, containing the same 
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carbohydrate, 8 % of arabinose and 5 % of xylose residues were found in the medium at 
the end. When AX2 was used as substrate, just minor amounts of arabinose and xylose 
remained in the medium, regardless of the donor (see Table 6.2).  
 
Table 6.2 – AX consumption (%) after 48 h fermentation using faecal inocula. 
 
Carbon source Sugar residue 
 Donor 1  Donor 2  Donor 3 
 %  %  % 
AX1 Xyl  86  98  95 
 Ara  97  100  93 
        
AX2 Xyl  99  98  95 
 Ara  99  98  94 
AX1 – arabinoxylans from brewer’s spent grain produced by ultrasound-assisted extraction; AX2 – arabinoxylans 
from brewer’s spent grain produced by alkaline extraction. 
 
As already reported by Rose et al. (2009), gut microbiota use a debranching mechanism 
to metabolise AX making use of bacterial arabinofuranosidases and xylanases. It is 
suggested that the highly branched AX promotes the activity of bacterial 
arabinofuranosidases earlier than the xylanases, in order to remove the arabinose units 
of the AX side chains enabling the xylanases to reach the xylose backbone (Rose et al., 
2009). The polymers present in AX1 are smaller and more branched than those present 
in AX2 which means that the data obtained here is in agreement with the results 
reported. In faecal cultures from donors 1 and 2 containing AX1, the arabinose residues 
were preferentially consumed, whereas in faecal cultures of the same donors containing 
AX2, the arabinose and xylose residues were metabolised simultaneously. However, 
when faecal cultures from donor 3 were used, AX1 and AX2 were consumed following 
the same mechanism reflecting that the fermentation pattern adopted by gut microbiota 
is not only dependent on the AX structure but also on the initial microbiota 
composition. 
  Chapter 6 – paper V	  
	   182	  
 
6.3.2 SCFA and lactate production in faecal cultures 
 
SCFA, lactate concentrations and pH of the faecal cultures during the fermentation 
assays are shown in Table 6.3. Data from each donor were considered separately since 
variations in SCFA concentrations were noticed among faecal cultures from different 
individuals.  
The pH decreased continuously during the fermentation time in added AX cultures. The 
lowest pH values were observed in media containing AX1, whereas similar pH values 
were found in AX2 and FOS cultures. No changes in pH were observed in the negative 
control cultures (where no carbon source was added). 
Lactate accumulation was observed during the period 0-6 h for cultures containing AX2 
(regardless of the individuals) and during the period 0-12 h for cultures containing AX1 
and faeces from donor 1. In all of these assays, lactate was completely depleted 
confirming that this acid is an intermediary product that can be converted into acetate, 
propionate and butyrate by common intestinal microbiota, acting in a cross-feeding 
mechanism as previously reported (Gullón et al., 2011a; Gullón et al., 2014; Gullón et 
al., 2011b). 
 
 
 
	  	  
Table 6.3 – SCFA and lactate concentrations (mM), and pH of fermentation media in experiments carried out using AX from BSG or FOS as 
carbon sources. 
 
Carbon 
source 
Time 
(h) 
 Donor 1  Donor 2  Donor 3 
 pH L A P B 
Total 
SCFA  pH L A P B 
Total 
SCFA  pH L A P B 
Total 
SCFA 
Control 0  8.0 0.0 0.0 0.0 0.0 0.0  8.2 0.0 0.0 0.0 0.0 0.0  7.9 0.0 0.0 0.0 0.0 0.0 
 6  7.9 0.0 1.5 0.7 1.4 3.6  8.1 0.0 2.1 0.0 2.4 4.5  7.8 0.0 1.7 1.5 1.7 4.9 
 12  7.7 0.0 4.5 2.1 2.4 9.0  8.3 0.0 5.8 1.5 3.8 11.1  8.0 0.0 4.2 2.1 3.2 9.5 
 24  7.9 0.0 10.4 3.4 3.1 16.9  8.1 0.0 12.4 2.7 4.2 19.3  8.1 0.0 14.8 3.4 4.5 22.7 
 48  7.8 0.0 18.7 3.7 5.1 27.5  8.0 0.0 20.7 3.9 4.9 29.5  7.9 0.0 22.4 4.2 5.1 31.7 
                       
FOS 0  8.0 0.4 0.8 0.0 0.0 0.8  7.9 0.3 0.6 0.0 0.3 0.9  8.2 0.0 0.0 0.0 0.0 0.0 
 6  7.5 1.2 7.6 1.4 1.4 10.4  7.5 0.8 9.5 2.2 1.4 13.2  7.8 0.0 4.9 3.2 0.9 9.0 
 12  6.2 0.0 24.5 7.4 2.1 34.0  6.8 0.0 27.3 7.6 0.9 35.8  6.8 1.6 17.7 9.6 3.6 30.9 
 24  6.6 0.0 41.1 11.5 10.6 63.2  6.8 0.0 48.1 10.5 7.0 65.6  6.5 0.0 43.6 13.8 10.3 67.6 
 48  6.6 0.0 50.3 17.2 13.0 80.5  6.8 0.0 57.8 13.4 8.0 79.2  6.4 0.0 53.4 15.7 13.1 82.2 
                       
AX1 0  7.8 0.0 0.0 0.0 0.0 0.0  8.1 0.0 0.0 0.0 0.0 0.0  8.2 0.0 0.0 0.0 0.0 0.0 
 6  7.5 0.1 7.4 2.3 1.5 11.1  7.9 0.0 4.3 1.1 0.0 5.4  7.9 0.0 8.8 5.2 0.0 14.1 
 12  5.7 1.1 45.2 10.2 9.1 64.4  7.7 0.0 12.1 3.6 0.9 16.6  7.1 0.0 16.8 10.6 1.0 28.4 
 24  5.7 0.0 61.3 26.7 15.0 103.0  6.1 0.0 55.0 24.4 8.8 88.2  5.9 0.0 46.3 23.6 4.9 74.8 
 48  5.6 0.0 65.1 28.7 14.7 108.4  5.6 0.0 68.5 29.6 10.2 108.3  5.5 0.0 66.4 33.4 8.7 108.5 
                       
AX2 0  8.1 0.0 0.0 0.0 0.0 0.0  8.1 0.4 1.4 0.0 0.0 1.4  8.3 0.0 0.0 0.0 0.0 0.0 
 6  7.5 0.5 5.8 4.2 1.3 11.3  7.6 0.3 6.1 0.9 1.1 8.1  7.8 1.4 0.0 0.0 0.0 0.0 
 12  6.8 tr 33.3 11.3 5.3 49.9  7.5 0.0 23.6 6.8 2.7 33.0  6.7 0.0 31.5 16.5 2.2 50.2 
 24  6.6 0.0 55.9 21.0 8.4 85.3  6.9 0.0 53.6 19.1 8.1 80.8  6.2 0.0 54.1 20.8 5.6 80.4 
 48  6.5 0.0 63.4 23.8 9.1 96.4  6.6 0.0 62.9 19.9 8.0 90.9  6.1 0.0 63.3 21.9 6.1 91.3 
Control – no added polysaccharide; FOS – frutooligosaccharide; AX1 – arabinoxylans from brewer’s spent grain produced by ultrasound-assisted extraction; AX2 – arabinoxylans from brewer’s spent grain produced 
by alkaline extraction; L – lactate; A – acetate; P – propionate; B – butyrate; SCFA – short chain fatty acids; tr – traces (mM < 0.05).   
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The production of SCFA was considerably higher in the cultures containing 
carbohydrates, the highest values being the ones achieved in cultures with AX1, thereby 
explaining the lowe pH values observed. The major SCFA found in all experiments 
were acetate, propionate and butyrate. In cultures containing the carbohydrates, the 
average molar ratios of acetate, propionate and butyrate at 48 h were 1: 0.5: 0.2 (AX1), 
1: 0.4: 0.1 (AX2) and 1: 0.3: 0.3 (FOS). Propionate concentrations were higher in faecal 
cultures containing AX. Similar molar ratios were reported for AX from maize bran (1: 
0.5: 0.2) and rice bran (1: 0.3: 0.2) (Rose et al., 2009) and higher propionate 
concentrations than butyrate was also reported for AX with DP 3-11 from BSG (Kabel 
et al., 2002). In faecal cultures from donors 1 and 2 containing AX, the acetate to 
propionate ratio decreased during the fermentation, which was reported as a possible 
indicator of the hypolipidemic effect of prebiotics, reducing blood lipid levels through 
inhibition of cholesterol and fatty acid biosynthesis in liver (Salazar et al., 2008).  
The highest increase in all the SCFA concentrations in the cultures containing AX was 
observed between 6 and 12 h in cultures from donor 1. In cultures with AX1 and faeces 
from donor 2 and 3, the highest increase in all the SCFA concentration was found in the 
interval 12-24 h. On the other hand, when AX2 was used as substrate, the highest 
increase in acetate and propionate was observed in the time interval 6-12 h, whereas for 
butyrate the highest increase was recorded later, in the period 12-24 h. Faecal cultures 
from donor 1 seemed to metabolise AX faster, generating the three major SCFA earlier. 
Faecal cultures from donor 2 and 3 containing AX2 followed the same behaviour as the 
cultures containing FOS. 
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6.3.3 Dynamics of the bacterial populations  
 
AX utilisation by colonic microbiota resulted in an increase of total bacteria up to 12 h 
of fermentation in cultures from donor 1 and up to 24 h of fermentation in cultures from 
donors 2 and 3 (Fig. 6.1), which was in agreement for those results obtained for the 
SCFA. 
In assays containing AX1 and faeces from donor 1, the increase in total bacteria was 
reflected in the Bacteroides-Prevotella group (Fig. 6.2) but not in the Bifidobacterium 
populations (Fig. 6.1) because the increase in bifidobacteria populations was not 
significantly different (p ≤ 0.05) with respect to the control. In the cultures from the 
same donor but containing AX2, the increase in total bacteria was reflected in the 
increase of Bifidobacterium populations and Bacteroides-Prevotella group. At the 
maximum increase (12 h fermentation) the total bacteria, Bifidobacterium spp., 
Bacteroides-Prevotella group were higher than the negative control and cultures 
containing FOS and AX1. These results were in agreement with the SCFA generation 
observed in the negative control and the assay with FOS, but not with the experiment 
containing AX1. In faecal cultures from donor 2 containing AX1, the maximum 
increase (24 h fermentation) in the total bacteria was in agreement with the maximum 
increase of Bacteroides populations. However, the Bifidobacterium populations and C. 
coccoides group (Fig. 6.2) increased till the end of fermentation. At 24 h fermentation 
all of the bacterial populations studied were higher than the negative control and 
cultures containing FOS. In cultures from the same donor but containing AX2, the 
maximum increase in all bacterial populations studied was also observed at 24 h and 
was higher than the negative control and cultures containing FOS and AX1. 
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Figure 6.1 – Variations in total bacteria and Bifidobacterium spp. determined by qPCR 
in faecal cultures obtained from three donors using AX1, AX2 or FOS as carbon 
sources. Controls did not contain added carbohydrates. Means with different letters are 
significantly different (p < 0.05) in the graphs presented for the same donor. 
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Figure 6.2 – Variations in Bacteroides-Prevotella group and C. coccoides-E. rectale 
group determined by qPCR in faecal cultures obtained from three donors using AX1, 
AX2 or FOS as carbon sources. Controls did not contain added carbohydrates. Means 
with different letters are significantly different (p < 0.05) in the graphs presented for the 
same donor. 
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In cultures from donor 3 containing AX1 and AX2, the maximum increase of total 
bacteria was also found at 24 h and is similar to the maximum increase observed for the 
other bacterial populations studied. The increases observed for all bacterial groups were 
higher than in the negative control and in cultures containing FOS. The cultures 
containing AX2 presented the highest increase in bacterial populations when compared 
to cultures containing AX1, except for Clostridium populations that were not 
significantly different (p < 0.05). 
 
6.3.4 Summarised discussion 
 
AX from BSG are suitable fermentable carbohydrates for the human colonic 
microbiota, as seen by the consumption results, pH shifts and SCFA production after 48 
h of fermentation. The decrease in pH observed (due to the SCFA generation) is often 
reported as desirable, because acidic environments are related to the inhibition of the 
growth of potentially pathogenic microorganisms and putrefactive bacteria (Topping & 
Clifton, 2001). In the case of faecal cultures containing AX1 from donor 1, the growth 
of C. coccoides-E. rectale group was lower than the negative control and FOS cultures, 
whereas bifidobacteria populations growth was similar to the control. However, in 
donors 2 and 3 a moderate increase of C. coccoides-E. rectale group was observed, 
simultaneously with a significant stimulatory effect on bifidobacteria populations. 
These cultures containing AX1 were the ones with the lowest pH and highest SCFA 
concentration, suggesting that these results reflect the different behaviour of each 
individual to the acidic environment probably caused by the variability of the initial 
bacterial population (Gullón et al., 2014). 
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Acetate was the major SCFA generated and is a characteristic product from intestinal 
microbiota dynamics. Propionate was the next SCFA produced and its generation was 
reported to be related to the presence of side chains in xylooligosaccharides (XOS) such 
as the case of AX (Broekaert et al., 2011; Gullón et al., 2014) and also to the increase of 
Bacteroides-Prevotella group (Hughes et al., 2008), although in the work reported here 
this relation was not clear. Butyrate was also present in the media but in moderate 
concentrations. This is in agreement with the results already reported for AX 
oligosaccharides (AXOS) from a variety of raw materials (Gullón et al., 2014; Kabel et 
al., 2002; Rose et al., 2009). This acid is considered to be a desirable metabolite as 
some in vitro studies have shown, for instance, that it can promote apoptosis of cancer 
cells (Hague et al., 1995). 
An increase higher than 1 log-fold reveals modification in the intestinal microbiota 
(Roberfroid, 2007). The cultures containing AX from BSG produced a modification in 
the intestinal microbiota of 1.1 to 1.8 log-fold increase in total bacteria in the different 
individuals. The cultures containing AX from BSG showed a stimulatory effect on the 
bacterial populations potentially beneficial to health, such as Bifidobacterium spp. (1.2 
to 3.6 log-fold increase) and some species of Bacteroides-Prevotella group (1.1 to 2.0 
log-fold increase), which was higher than observed in the negative control and cultures 
containing FOS. The only exception was faecal cultures from donor 1 containing AX1. 
C. coccoides-E.rectale group was also considered in this work, and AX from BSG had a 
stimulatory effect (1.2 to 1.9 log-fold increase) and similar results were observed in the 
fermentation of pectic polysaccharides from apple pomace (Gullón et al., 2011a) and 
AX from wheat (Hughes et al., 2007).  
AX2 showed a higher stimulatory effect on the beneficial bacteria populations than 
AX1, except in donor 2 where no significant differences were observed at 48h of 
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fermentation. The SCFA production was higher in cultures containing AX1 than the 
ones with AX2 especially due to propionate and butyrate concentrations reached. Both 
AX1 and AX2 presented a higher stimulatory effect of bifidobacterial population than 
FOS but AX2 showed a clear positive effect over AX1. This difference was probably 
due to the polymers structure, since AX2 was composed of longer and less branched 
polymers than AX1, although the presence of glucose-based oligossacharides was in 
very low amount (0.5 g/L) they could also have contributed to the growth of bacterial 
populations since it was reported that glucooligosaccharides were preferentially 
metabolised by intestinal bacteria (Gullón et al., 2011a; Gullón et al., 2014). 
 
6.4 Conclusion 
 
The prebiotic potential of AX from BSG was confirmed by the production of SCFA and 
the modulation of gut microbiota, especially by the high increase in bifidobacteria 
populations, after in vitro fermentation by using faecal inocula. The high production of 
propionate suggests that AX from BSG can be used as prebiotics focused on 
cardiovascular diseases and type II diabetes treatment and prevention.  
On the other hand, AX from BSG can be a promising alternative to FOS due to its 
higher stimulatory effect on the beneficial bacteria populations, in addition to the high 
propionate concentrations achieved. Moreover, AX from BSG are characterised by 
complex branched structures that can promote the growth of specific bacteria in the 
distal regions of the colon. Overall, it is possible to conclude that by taking into account 
the availability and low cost of BSG, as well as easy and low cost extraction methods 
recently developed (Chapter 5 – paper IV), together with the results of this study, AX 
from BSG have the potential to be a highly relevant prebiotic.  
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Addendum 
The paper presented showed that AX from BSG are suitable fermentable carbohydrates 
for the human colonic microbiota, on the basis of the production of SCFA and the 
modulation of gut microbiota, especially by the high increase in bifidobacteria 
populations, after in vitro fermentation by using faecal inocula of three volunteers.  
This study was carried out with three volunteers mentally and physically able to 
participate in the study and an informed written consent (Appendix V) was obtained 
from each volunteer and all experiments were performed in compliance with the 
relevant laws and institutional guidelines (Ley 14/2007, de 3 julio, de investigación 
biomédica. BOE nº 159 de 4 de julio de 2007 Actualizada a 31 de diciembre de 2009). 
However, data from just three individuals is not enough to write a scientific evidence. 
The data obtained with the three individuals studied was very different because bacterial 
composition of the inoculum is likely to be affected by several factors such as genetics, 
age, nutrition and diet of the volunteers, consequently data was presented separately for 
each individual and statistical analysis was not carried out. Significant number of 
individuals should be performed and if possible in discriminated individuals and a 
statistical test performed. The amount of substrate available was the reason of only three 
individuals were assessed. The low availability of the substrate is due to time-
consuming extraction procedures and low recovery yields, the findings of paper IV 
(Chapter 5) provide data that may overcome or at least improve this drawback. 
The paper also showed that the performance of AX-rich extracts produced by UAE and 
conventional method varied according to the type of structures present, which are 
dependent on the ultrasound conditions used.  
 
	  	  
 
 
7 
 
OVERALL DISCUSSION AND CONCLUSIONS  
 
 
  
  Overall discussion and conclusions	  
	   193	  
 
7.1 Apple pomace and brewer’s spent grain characterisation 
 
The main by-products of cider and brewing industries such as apple pomace (AP) and 
brewer’s spent grain (BSG) were characterised in this study and new applications have 
been proposed in order to utilise the large quantities produced every year of these agro-
industrial wastes. The new applications that were presented and discussed in this 
research study focused on the bioactivity characterisation for possible inclusion in the 
development of functional foods and on the ingredients extraction. 
 
Apple pomace (AP) characterisation 
The AP (Fig. 7.1a) used in this study and provided by Bulmers Limited (Clonmel, 
Ireland) was composed of fibre (42 %) and sugars (36 %) as described in paper II. AP 
also contained phenolic compounds accounting for less than 1 % of its composition 
(paper I). Although accounting for a very low amount, the phenolic extracts obtained 
showed high antioxidant capacities as determined by DPPH radical scavenging activity, 
FRAP and by β-carotene in a linoleic acid system. The concentration of the phenolic 
extract required to scavenge 50 % of the DPPH radical (EC50 value) was between 82.0 ± 
8.0 µg/mL and 115.4 ± 18.0 µg/mL according to the type of extract (water, methanol or 
acetone extract). The FRAP value obtained was between 1.2 and 0.26 g ascorbic acid/kg 
dried AP; and 25 to 60 % of preservation capacity of β-carotene in a linoleic acid 
system was achieved by the different phenolic extracts obtained. Despite being very 
difficult to compare antioxidant values between the wide range of studies reported in the 
literature, mainly due to the several possible ways of expressing the results, the phenolic 
extracts produced in this study showed higher DPPH radical scavenging activity than 
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other phenolic extracts reported to be produced from AP (Cetkovic et al., 2008), mainly 
due to the enrichment of the crude extract with the SPE procedure. In comparison to 
other well known and well established antioxidant sources, such as berries, it was 
possible to verify that the phenolic extracts from AP produced in this study had higher 
DPPH radical scavenging activity and similar percentages of preservation of β-carotene 
in a linoleic acid system as compared to phenolic extracts from elderberries (Duymuş et 
al., 2014), probably also affected by the enrichment of AP extract. These authors 
reported an EC50 value of 117-123 µg/mL and 58 % preservation of β-carotene for 
phenolic extracts from elderberries However, for green tea crude extracts the EC50 value 
was reported to be 12.7 µg/mL (Costa et al., 2009), a value much higher than that for 
AP phenolic extracts. 
 
Brewer’s spent grain (BSG) characterisation 
The BSG analysed (Fig. 7.1b) was provided by the micro distillery plant located in 
University College Cork (Cork, Ireland) and was mostly composed of fibre (61 %) and 
protein (21 %) as described in the co-authored paper by Ktenioudaki et al. (2012). The 
BSG had also less than 1 % of phenolic compounds in its composition, that were found 
mostly bound to arabinoxylans and lignin, as reported in paper III and by others (Jay et 
al., 2008; Mussatto et al., 2007; Vanbeneden et al., 2007). The phenolic compounds 
present in BSG were in low amount, however the BSG phenolic extracts showed lower 
antioxidant capacities than the phenolic extracts from AP: 80 ± 17 % inhibition of 
DPPH after 30 min reaction (1 mg/mL) and a FRAP value of 1.0 ± 0.1 ascorbic acid/kg 
dried BSG. 
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Figure 7.1 – Apple pomace (a) and brewer’s spent grain (b). 
 
Considering the preliminary characterisation of both by-products, the antioxidants and 
fibre elements were chosen as the main protagonists for the development of new 
functional foods and nutraceuticals. The first approach of this work was the direct 
incorporation of AP and BSG in snacks for the development of new functional foods. 
The second one was the extraction of the main bioactives, antioxidants in AP and fibre 
in BSG, for the development of new nutraceuticals with potential applications in the 
food and pharmaceutical industries. 
 
7.2 Functional foods using apple pomace and brewer’s spent grain 
 
Nowadays, the dietary habits of a large sector of the European population are mainly 
due to busy lifestyles. Ready-to-eat snacks are foods that have emerged in the market 
and achieved great success as they meet simultaneously the convenience and 
momentary energy needs of the consumers. However, these snacks are usually made 
with cereal flours. They are energy loaded but have no nutritional variety due to the 
a	   b	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high content in starch and low content in protein and absence of other nutrients. The 
relationship established between the high consumption of saturated fats, the low 
consumption of fibre, vegetables and fruits and the major diseases of our society 
(cardiovascular heart diseases, diabetes, cancer and obesity) reflect the quote “You are 
what you eat.” as postulated by Victor Lindlahr in 1923. Therefore, consumers are 
demanding convenient, nutritional and, more recently, healthy-based foods. Efforts are 
being made to produce healthy ready-to-eat snacks by improving their nutritional value 
and adding ingredients with potential health benefits. AP and BSG are valuable food 
additives to be used in healthy ready-to-eat snacks. 
 
Functional foods using AP 
The addition of up to 20 % of AP in extruded and baked snacks formulation decreased 
starch and protein content, doubled the fibre content, tripled the phenolic content and 
increased the antioxidant properties when compared to extruded and baked snacks in 
which no AP was added (paper II). 
 
The application of the extrusion process with the addition of AP for the production of 
healthy snacks was reported in this study (Fig. 7.2a) and considered as a novel approach 
that has not been previously cited. The decrease in starch and protein content was not 
significant (p < 0.05) when compared to the control prototypes with no added AP, 
although fibre, phenolic content and antioxidant properties were significantly higher (p 
< 0.05). The decrease in the protein digestibility and the recovery of fibre upon 
increasing levels of AP incorporation suggests that polymerisation reactions could have 
occurred between proteins and fibre. The lower recovery of phenolic compounds is 
primarily attributed to the heat treatment applied, mainly flavanols and the glycosidic 
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forms of quercetin and phloretin present in AP, which were converted to their respective 
aglycones as seen by LC –ESI/MS results, with the increased intensities of quercetin 
and phloretin in the final prototypes. Additionally, the decrease on phenolic compounds 
recovery upon increasing levels of AP incorporation under the same heat treatment 
conditions can be attributed to the phenolic compounds being involved in some kind of 
polymerisation reactions with the other nutrients, thus affecting their extractability. 
Despite the lower recoveries of phenolic compounds, antioxidant properties were 
supported by the recovered phenolic compounds from AP (chlorogenic acid, quercetin, 
phloretin, feruloylquinic acid, isorhamnetin, phloridzin and kaempferol) and 
compensated by thermally induced degradative products of phenolic origin (increased 
intensities of chlorogenic acid, quercetin and phloretin) and by Maillard reaction 
products (DPPH radical scavenging results). 
The prototype snacks produced by baking with the addition of AP (Fig. 7.2.b) showed a 
significant decrease (p < 0.05) in starch when compared to the control prototypes with 
no AP addition, which were compensated by the high increase in fibre, phenolic content 
and antioxidant properties. In these snacks, the addition of more than 20 % of AP lead 
to an increase in fibre content but no differences were recorded in phenolic compounds 
content and antioxidant properties, due to the low recovery of phenolic compounds. 
This low recovery was observed in all levels of AP addition and was due to heat 
treatment. However, the recovery was lower at the higher level of incorporation 
suggesting that polymerisation reactions could have also occurred. Considering the total 
recovery of fibre and no changes in protein digestibility for all levels of AP addition, it 
is possible to suggest that the proposed polymerisation reactions probably do not 
include fibres or proteins. If proteins or fibres were included then the complexes derived 
were still susceptible to enzyme degradation. Similar to the extruded prototype snacks, 
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the low recovery of phenolic compounds did not affect DPPH radical scavenging 
activity due to the compensation of Maillard reaction products, however to a lesser 
extent than that observed in the extruded prototype snacks. 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 – Extruded (a) and baked (b) snacks prototypes with addition of AP. 
 
An addition up to 20% of AP was found to enhance the fibre and antioxidant content of 
extruded and baked snacks prototypes, without compromising their nutritional content. 
However, for the development of these new functional foods using AP, formulated as 
extruded and baked snacks: (1) sensory and acceptability studies, (2) in vitro studies and 
(3) dietary intervention studies and health effects in humans will be required. The first 
requirement to assess if prototypes are accepted by consumers, and the second and third 
requirements to assess if the increased fibre and antioxidants in the final product will 
confer health benefits beyond the nutritional content.  
 
 
a	  
b	  
0% 10% 
0% 10% 20% 30% 
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Functional foods using BSG 
The addition of BSG to extruded and baked snacks formulation increased fibre, protein 
and phenolic content and it also increased the antioxidant properties when compared to 
extruded and baked snacks with no addition of BSG (paper III). 
 
The prototype snacks produced by extrusion with BSG addition (Fig. 7.3a) showed that 
starch content significantly decreased (p < 0.05) upon the incorporation of BSG 
(Appendix IV), which was compensated by the increase of fibre, protein and phenolic 
compounds content. Arabinoxylans content also increased but only up to 20 % of BSG 
addition, above this value, between 30 and 40 % of BSG addition a low recovery was 
observed. At these higher levels of addition, the recoveries of fibre, arabinoxylans and 
protein were less than half, suggesting the occurrence of polymerisation reactions 
between arabinoxylans and proteins. Interestingly, no significant differences were 
observed in the protein digestibility (Appendix IV), which means that the 
arabinoxylans-protein complexes formed were still able to be degraded by enzyme 
action. The low recovery of phenolic compounds upon the addition of BSG suggests 
that loss of phenolic compounds occurred due to heat treatment. Despite the low 
recovery of phenolic compounds DPPH radical scavenging activity was not affected, 
although the recovery of FRAP was low, suggesting that Maillard reactions products 
were affecting the radical scavenging activity. The estimated glycaemic index (GI) for 
each prototype indicated that BSG addition can be a promising strategy in decreasing 
the GI of extruded snacks, however the base flour needs to be improved. 
The prototype snacks produced by baking with BSG addition (Fig. 7.3b) showed that 
the starch content significantly decreased (p < 0.05) upon the incorporation of BSG 
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(Ktenioudaki et al., 2012) and being compensated by the significant increase (p < 0.05) 
of fibre, protein and phenolic compounds content. Similar to the extruded snacks 
prototypes, the polymerisation reactions between arabinoxylans and proteins were 
attributed to the decrease in the recoveries observed for arabinoxylans and protein upon 
BSG addition. In contrast to extruded snacks prototypes, the loss of phenolic 
compounds was not observed due to the full recoveries encountered. However, FRAP 
recoveries slightly decreased whereas DPPH radical scavenging activity recovery 
increased, being highest at the maximum level of BSG incorporation. These results 
indicate that some phenolic compounds lost some of their antioxidant capacity or were 
maybe lost and compensated for by other compounds of phenolic origin with lower 
values of FRAP, while the DPPH radical scavenging activity was compensated for by 
the presence of Maillard reaction products. The estimated GI of baked snacks 
prototypes significantly (p ≤ 0.05) decreased with BSG addition. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3 – Extruded (a) and baked (b) snacks prototypes with addition of BSG. 
a	  
b	  
0% 
0% 
10% 20% 30% 
15% 25% 35% 
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The addition of 0-20 % of BSG to extruded snacks prototypes and 0-25 % of BSG to 
baked snacks prototypes was found to enhance the protein, fibre, arabinoxylans and 
antioxidants content, without compromising their nutritional properties. However, 
acceptability studies, in vitro studies, dietary intervention studies and health effects in 
humans should be performed for the complete development of these new functional 
foods, formulated as extruded and baked snacks with addition of BSG. 
The addition of BSG to ready-to-eat snacks affects considerably the appearance, texture 
and flavour of final products due to the high fibre content it contains (Ainsworth et al., 
2007; Ktenioudaki et al., 2012; Stojceska et al., 2008b). Stojceska et al. (2008b) 
reported that only an addition of up to 20 % of BSG attained extruded snacks with 
similar properties to those commercially available, however acceptability studies were 
not performed on these extruded snacks. Ktenioudaki et al. (2012) reported that the 
addition of 25 % and 35 % of BSG considerably decreased volume and increase 
hardness of the final baked snacks prototypes compromising the typical cellular 
structure of baked products. Acceptability studies were only reported on baked products 
and the attributes that most influence the acceptability of the final products are 
predominantly taste and texture (Ktenioudaki et al., 2013; Prentice & D'Appolonia, 
1977), being the incorporation of BSG only acceptable up to 10 %. Based on the results 
of this research and the scarce studies published to date, acceptability studies with 
additions of 5, 10, 15 and 20 % of BSG to extruded and baked snacks should be 
performed in order to choose the final prototype with the best sensorial acceptance. To 
classify the final prototype as functional food, in vitro studies and dietary intervention 
studies and health effects in humans should be performed. 
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Extrusion and baking process influence on the development of functional foods using 
AP and BSG 
In the development of these new snacks by extrusion or baking processes, the Maillard 
reactions are unavoidable due to the heat treatment. These reactions may have occurred 
to a higher extent during the extrusion process upon the addition of AP due to its high 
sugar content. Although, the Maillard reaction products compensate for the antioxidant 
properties of the final prototypes due to the loss of phenolic compounds, they have a 
high influence on taste and appearance, which should be evaluated through acceptability 
studies. Some Maillard reaction products have been reported as probable human 
carcinogens, as is the case of acrylamide, though the risk of developing cancer due to 
acrylamide intake remains unclear (Riboldi et al., 2014), its content should be 
determined in the final prototypes. 
In addition to Maillard reactions, polymerisation reactions between proteins and fibre 
also occurred during the extrusion with AP addition and during extrusion and baking 
with BSG addition. These reactions were only noticeable when high levels of AP and 
BSG were incorporated. When high quantities (30 %) of AP were added to the 
formulation, and despite its low protein content, the high temperatures and the 
mechanical shear involved in the extrusion process were responsible for promoting 
polymerisation reactions, which were not observed in the baking process. In the case of 
BSG addition, the high content of fibre and protein increased the probability of these 
reactions to occur in both processes. Interestingly, protein digestibility decreased only in 
the extrusion process with AP addition, suggesting that the addition of high contents of 
sugar together with the mechanical shear promotes the formation of complexes resistant 
to the enzyme degradation. 
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On the other hand, the loss of phenolic compounds due to heat treatment was observed 
with AP addition in both extrusion and baking processes. The loss occurred by 
conversion of glycosides into the respective aglycones, and by polymerisation reactions 
between phenolics and other nutrients or even between phenolic compounds 
themselves. However, with BSG addition the loss of phenolic compounds only occurred 
by polymerisation reactions in the extrusion process and in the baking process was not 
completely clear if the loss of phenolic compounds occurred or not. Nevertheless, this 
fact suggests that the content of sugars and the mechanical shear have some influence 
on these reactions. 
 
7.3 Nutraceuticals from apple pomace and brewer’s spent grain 
 
The isolation of antioxidants and fibre from AP and BSG followed by their addition into 
food is an alternative way of improving the content of antioxidants and fibre in the final 
prototypes. The direct addition of AP and BSG into the snack prototypes was only 
possible to a certain level (20 %) due to the occurrence of side reactions caused by the 
heat treatment between nutrients and other compounds also present in AP and BSG. As 
reported in the literature, when acceptability studies were performed, the possible levels 
of AP and BSG addition were even lower (≤ 10 %), due to the development of 
undesirable flavours and texture. Therefore, the addition of isolated antioxidants and 
fibre from AP and BSG will provide a better avenue for improving the antioxidant and 
fibre content of the final prototypes. Moreover, the isolation of antioxidants and fibre 
from AP and BSG could have potential pharmaceutical applications and not only 
limited to food ingredients.  
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One of the major drawbacks in the isolation of antioxidants and fibre is that most of the 
established methods of extraction of these bioactive compounds are not very 
environmentally friendly since they are mostly carried out using organic solvents or 
strong acidic and basic solutions, high temperatures and extensive extraction times. In 
order to not cause an environmental problem when trying to solve another one, new 
green methods suitable for the efficient extraction of antioxidants from AP and fibre 
from BSG were developed, taking also into account the industry interests in practical 
and low cost methods. 
 
Nutraceuticals from AP 
AP phenolic extracts characterised with high antioxidant activities were extracted using 
water and food compatible aqueous organic solvents (paper I). 
 
Water at room temperature resulted in the extraction of a considerable amount of 
phenolic compounds from AP. The phenolic extracts were composed of 2 
hydroxycinnamic acids, 3 flavonols, 3 flavanols, 2 dihydrochalcones and 1 flavone. 
This phenolic mixture presented high antioxidant capacity. Additionally, subsequent 
extractions with aqueous solutions of methanol and acetone resulted in the extraction of 
more of the same phenolic compounds, leading to phenolic extracts also with significant 
antioxidant activity. In the case of the extraction with 40 % methanol, flavonols was the 
group extracted in higher quantities while procyanidins and phloretin glycosides were 
absent. In the extraction with 40 % acetone, flavanols was the group extracted in higher 
amount while hydroxycinnamic acids and some quercetin glycosides were absent. Each 
extract obtained presented high antioxidant capacities, but with different properties 
between them. Water phenolic extracts presented the highest antioxidant activity for 
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FRAP and β-carotene linoleic acid system and similar DPPH radical scavenging activity 
as the methanol phenolic extracts. On the other hand, the methanol phenolic extracts 
presented similar FRAP and β-carotene linoleic acid system as the acetone phenolic 
extracts. 
Water at room temperature is enough to produce phenolic extracts from AP with high 
antioxidant activity. However, to maximise the recovery of phenolic compounds from 
AP subsequent use of aqueous organic solvents such as methanol and acetone is 
required. The content of the organic solvents used was minimised to 40 % leading to the 
production of different phenolic extracts also with significant antioxidant properties 
though with capacities differing from those resulting from water extraction. Thus, three 
phenolic extracts from AP with high antioxidant properties and different characteristics 
were produced by an environmentally friendly method. 
 
These phenolic compounds extracted using the methods described briefly, accounts for 
only 1 % of the AP mass. Considering the substantial amount of AP produced 
worldwide, future research should focus on the extraction of other bioactives from AP. 
For example, in addition to antioxidants, AP is also a good source of fibre such as 
soluble fibre (pectin) and insoluble fibre (hemicelluloses and lignin). Although pectins 
have been thoroughly investigated due to their applications as gelling agent, stabilisers 
and sources of dietary fibre, new extraction methods of pectin can still be developed to 
respond to current industry requirements in terms of extraction methodology and 
ingredient. Novelty can be achieved through the investigation of the AP hemicelluloses 
that to date were scarcely reported. 
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Nutraceuticals from BSG 
Arabinoxylans-rich extracts from BSG were produced by ultrasound-assisted extraction 
(paper IV) and their prebiotic potential was also confirmed (paper V). 
 
Ultrasound-assisted extraction (UAE) resulted in the recovery of 20 % of the polymeric 
material from BSG (paper IV). This polymeric material was composed of 45 % 
arabinoxylans (AX), 2 % arabinogalactans (AG), 0.4 % starch and 25 % protein, being 
thus considered as AX-rich source. The advantages of UAE over the conventional 
method were the significant reduction of extraction time (7 h to 20 min), and energy 
consumption (45 ºC to room temperature) and the removal of starch (94 %) from the 
AX-rich extracts. However, ultrasound treatment promotes the degradation of the 
polymeric material and the extracts had 20 % less of AX in their composition than the 
ones produced by the conventional method. Moreover, the AX recovered by UAE were 
characterised by smaller degree of polymerisation and higher branching degree.  
The prebiotic potential of the AX-rich extracts was confirmed by the production of short 
chain fatty acids (SCFA) and the modulation of gut microbiota (paper V). Both AX-rich 
extracts produced by UAE and conventional method showed higher production of 
SCFA and an increase in bifidobacteria populations, when compared to the commercial 
prebiotic (FOS) and the controls (no carbohydrate addition). Beyond the stimulatory 
effect on the bacterial populations potentially beneficial to health, the high production 
of SCFA leads to a significant reduction in pH, and acidic environments are usually 
associated with the inhibition of the growth of potentially pathogenic microorganisms 
and putrefactive bacteria (Topping & Clifton, 2001), and are also considered as a major 
beneficial feature related to the primary prevention of colorectal cancer 
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(Charalampopoulos et al., 2002; Holzapfel & Schillinger, 2002). In addition, high 
production of propionate was observed in the fermentation of these AX-rich extracts by 
gut microbiota. The high concentration of this acid in the colon has been associated with 
the reduction in cholesterol synthesis and the lowering of postprandial glucose levels 
and insulin response (Grootaert et al., 2007; Neyrinck et al., 2011; Van den Abbeele et 
al., 2011). 
Interestingly, AX-rich extracts produced by UAE showed higher production of SCFA 
and consequently higher decrease in pH but lower increase in bifidobacteria populations 
than the AX-rich extracts produced by the conventional method as applied in this 
research. This difference can be attributed to the AX structure, since the AX produced 
by UAE were smaller and more branched than the ones produced by the conventional 
method, which is in agreement with other studies describing that fermentation of AX in 
the colon was influenced by their molecular mass (Hughes et al., 2007) and their degree 
of substitution (Pastell et al., 2009; Rose et al., 2009). However, the residual 
composition of β-glucans and glucooligosaccharides derived from starch in AX-rich 
extracts produced by the conventional method can also influence this result. Although 
the presence of glucose-based oligossacharides was in very low amount (0.04 g/L for β-
glucans and 0.5 g/L for glucooligosaccharides derived from starch) they could also have 
contributed to the growth of bacterial populations as it has been reported that 
glucooligosaccharides were preferentially metabolised by intestinal bacteria (Gullón et 
al., 2011a; Gullón et al., 2014).  
 
The results of this paper showed that AX from BSG can be a highly relevant prebiotic 
and a promising alternative to the commercial prebiotic FOS. Due to the higher 
stimulatory effect on the beneficial bacteria populations, higher propionate 
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concentrations achieved and promotion of the growth of specific bacteria in the distal 
regions of the colon, as well as by the availability and low cost of BSG. Moreover, the 
UAE developed can be further optimised in order to improve the AX yields and their 
structure so as to obtain different AX structures. Future developments should focus on 
the structure of AX and its influence on the gut microbiota, since it seems by the results 
achieved in this work that different types of AX can be utilised for different types of 
beneficial effects. 
 
7.4 Conclusions and further recommendations 
 
Overall, this study opens exciting and alternative opportunities for food product 
developers to consider AP and BSG as possible ingredients in enhancing some baked 
and extruded snack properties and as possible sources for isolating antioxidants and 
prebiotics. 
 
The direct addition of AP and BSG into ready-to-eat snacks enhances their antioxidant 
and fibre properties, and in the case of BSG addition it also increases the protein 
content. Additional work will be required to finalise the development of these new 
healthy snacks in terms of: 
i. Acceptability studies in the range proposed (0-20 %); 
ii. Determination of acrylamide content to assure a safe range in the final 
prototype; 
iii. In vitro studies to establish relations between the increase in antioxidants and 
fibre intake promoted by AP and BSG addition in the extruded and baked 
  Overall discussion and conclusions	  
	   209	  
snacks, with respect to a range of health attributes such as cardiovascular 
diseases, diabetes, cancer and obesity; 
iv. Dietary intervention studies and health effects in humans. 
 
Green methodologies were proposed in this study for the extraction of antioxidants from 
AP and fibre from BSG. A sequential method with water at room temperature and food 
compatible aqueous organic solvents, namely 40 % methanol and acetone solutions, was 
developed for the isolation of antioxidant extracts from AP. Water, methanol and 
acetone extracts from AP with different antioxidant properties were produced. An UAE 
method was developed for the isolation of arabinoxylans from BSG and AX-rich 
extracts with a high prebiotic potential were produced. It is of great interest for the food 
and pharmaceutical industries, that this part of the study should be extended in the 
future due to the potential development of new food products as well as new ingredients 
with potential health benefits from low cost raw materials by using low cost extraction 
methods. Therefore further actions are recommended: 
i. Incorporation of the isolated bioactives into ready-to-eat extruded and baked 
snacks and other food matrices; 
ii. Extraction of the soluble (pectins) and insoluble fibre (hemicelluloses), present 
in the material rejected and residue left after the production of the antioxidant 
extracts from AP, by using UAE; 
iii. Evaluation of the influence of AX structure on the viability of the gut microbiota 
by using UAE to produce different types of AX. 
 
Further work on finding replacements for the base flours used in the formulation of 
ready-to-eat snacks, especially in the extruded snacks, is recommended due to the great 
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interest in the development of low GI foods, which will confer health benefits to the 
population in general and particularly diabetic patients.  
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Experimental design and corresponding response values for WE 
 
  X1   X2   X3   Y  
1  7 (1)  90 (1)  60 (1)  0.3  
2  5 (0)  70 (0)  50 (0)  0.6  
3  7 (1)  50 (-1)  40 (-1)  0.2  
4  9 (2)  70 (0)  50 (0)  0.7  
5  7 (1)  90 (1)  40 (-1)  0.3  
6  7 (1)  90 (1)  60 (1)  0.2  
7  5 (0)  70 (0)  50 (0)  0.7  
8  7 (1)  50 (-1)  60 (1)  0.1  
9  5 (0)  70 (0)  50 (0)  0.3  
10  5 (0)  70 (0)  50 (0)  0.9  
11  3 (-1)  50 (-1)  60 (1)  1.1  
12  3 (-1)  50 (-1)  40 (-1)  0.6  
13  7 (1)  50 (-1)  60 (1)  0.7  
14  3 (-1)  90 (1)  40 (-1)  0.2  
15  5 (0)  70 (0)  30 (-2)  0.8  
16  5 (0)  70 (0)  70 (2)  0.7  
17  5 (0)  110 (2)  50 (0)  0.7  
18  3 (-1)  90 (1)  60 (1)  0.2  
19  7 (1)  50 (-1)  40 (-1)  0.5  
20  7 (1)  90 (1)  40 (-1)  0.3  
21  5 (0)  70 (0)  50 (0)  0.3  
22  3 (-1)  50 (-1)  40 (-1)  0.2  
23  3 (-1)  90 (1)  40 (-1)  1.8  
24  5 (0)  70 (0)  50 (0)  0.5  
25  3 (-1)  90 (1)  60 (1)  0.4  
26  5 (0)  30 (-2)  50 (0)  0.6  
27  5 (0)  70 (0)  50 (0)  0.3  
28  5 (0)  70 (0)  50 (0)  0.2  
29  5 (0)  70 (0)  50 (0)  0.2  
30  3 (-1)  50 (-1)  60 (1)  0.5  
31  1 (-2)  70 (0)  50 (0)  1.2  
X1= weight of sample (g); X2= extraction time (min); X3= volume of solvent (mL); Y= yield (%). 
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Regression coefficients and analysis of variance of uncoded units for WE yield. 
 
Coefficient Estimate p-value 
β0 0.55 0.049 
β1 -0.09 0.044 
β2 -0.05 0.078 
β3 0.07 0.179 
β11 0.10 0.025 
β12 0.03 0.110 
β13 0.09 0.608 
β22 -0.11 0.073 
β23 -0.07 0.194 
β33 -0.07 0.015 
R2 79.0 
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Starch digestibility of AP incorporated extruded and baked products. 
 
 Starch digestibility 
mg maltose monohydrate/g sample 
 Extruded snacks Baked scones 
0% AP 826.2 ± 33.5 517.8 ± 106.4 
10% AP 833.9 ± 41.9 402.6 ± 21.1 
20% AP 750.3 ± 61.8 316.1 ± 1.3 
30% AP 700.9 ± 58.1 180.2 ± 147.0 
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LC-MS chromatogram of 0 % AP incorporation in extruded products  
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LC-MS chromatograms of 0 % AP incorporation in baked products 
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Starch content of BSG incorporated extruded products. 
 
 Starch% 
0% BSG 75.4 ± 1.2 
10% BSG 69.6 ± 0.6 
20% BSG 67.7 ± 1.7 
30% BSG 61.4 ± 1.4 
40% BSG 58.8 ± 0.8 
All values on dry weight basis; Values are means ± standard deviation (n=3) 
 
 
Protein digestibility of BSG incorporated extruded products. 
 
 IVSP 
% 
NSI 
% 
IVISP 
% 
0% BSG 81.3 ± 9.7 8.1 ± 1.1 79.9 ± 10.4 
10% BSG 79.1 ± 4.2 7.9 ± 0.2 77.7 ± 4.0 
20% BSG 77.6 ± 0.9 6.8 ± 1.7 76.0 ± 0.6 
30% BSG 83.4 ± 3.5 7.8 ± 2.2 82.0 ± 3.5 
40% BSG 86.0 ± 6.0 8.2 ± 1.3 84.7 ± 6.7 
IVSP- In vitro soluble protein; NSI- Nitrogen solubility index; IVISP- In vitro insoluble protein 
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CONSENT FORM 
 
 
Researcher’s Name:   
SOFIA FILIPA DE ALMEIDA ROCHA REIS 
Faculty/School/Department:   
University of Vigo, Department of Chemical Engineering (Campus Ourense) 
Title of Study:   
Evaluation of the prebiotic potential of arabinoxylans from brewer’s spent grain 
 
To be completed by the: 
subject/patient/volunteer/informant/interviewee/parent/guardian 
1. 
 
2. 
 
3. 
 
4. 
 
 
5. 
 
 
 
 
 
6. 
 
7. 
Have you been fully informed/read the information sheet about this study?    
 
Have you had an opportunity to ask questions and discuss this study? 
  
Have you received satisfactory answers to all your questions? 
 
Have you received enough information about this study and any associated health and 
safety implications if applicable? 
 
Do you understand that you are free to withdraw from this study? 
 
• at any time 
• without giving a reason for withdrawing 
• without affecting your future relationship with the Institute        
 
Do you agree to take part in this study the results of which are likely to be published?  
 
Have you been informed that this consent form shall be kept in the confidence of the 
researcher?                                                                                                             
 
YES/NO 
 
YES/NO 
 
YES/NO 
 
 
YES/NO 
 
 
 
 
 
YES/NO 
 
YES/NO 
 
 
YES/NO 
 
Signed__________                         Date _______27/12/2012 
 
Name in Block Letters ____ BEATRIZ GULLÓN ESTÉVEZ ___________________________ 
 
Signature of Researcher Date _______27/12/2012 
 
 
 
 
Please note: 
 
• For persons under 18 years of age the consent of the parents or guardians must be obtained or an 
explanation given to the Research Ethics Committee and the assent of the child/young person 
should be obtained to the degree possible dependent on the age of the child/young person.  
•  
• In some studies, witnessed consent may be appropriate.  
 
• The researcher concerned must sign the consent form after having explained the project to the 
subject and after having answered his/her questions about the project. 
 
 
 
 
 
 
 
SUBJECT INFORMATION 
 
 
Subject’s Name:   
BEATRIZ GULLÓN ESTÉVEZ 
Code:  AX_A 
Date of Birth:   
29/04/1980 
Gender:   
FEMALE 
Nationality:   
SPANISH 
 
Do you smoke? 
Yes     No      
 
 
Do you take alcoholic beverages regularly? 
Yes     No      
 
 
Your dietary habits follow:  
Mediterranean diet     Other      
 
If other, please give details. 
 
Do you have any digestive diseases? 
Yes     No      
 
If yes, please specify. 
 
Do you have any other disease? 
Yes     No      
 
If yes, please specify. 
 
Do you take any prescriptions? 
Yes     No      
 
If yes, please specify. 
 
Have you taken antibiotics recently? 
Yes     No      
Please, specify. 
 
≤ 3 months           ≤  6 months             ≤ 12 months       > 12 months       
 
 
 
Signature     Date   27/12/2012     
                            Subject       
 
 
 
CONSENT FORM 
 
 
Researcher’s Name:   
SOFIA FILIPA DE ALMEIDA ROCHA REIS 
Faculty/School/Department:   
University of Vigo, Department of Chemical Engineering (Campus Ourense) 
Title of Study:   
Evaluation of the prebiotic potential of arabinoxylans from brewer’s spent grain 
 
To be completed by the: 
subject/patient/volunteer/informant/interviewee/parent/guardian 
1. 
 
2. 
 
3. 
 
4. 
 
 
5. 
 
 
 
 
 
6. 
 
7. 
Have you been fully informed/read the information sheet about this study?    
 
Have you had an opportunity to ask questions and discuss this study? 
  
Have you received satisfactory answers to all your questions? 
 
Have you received enough information about this study and any associated health and 
safety implications if applicable? 
 
Do you understand that you are free to withdraw from this study? 
 
• at any time 
• without giving a reason for withdrawing 
• without affecting your future relationship with the Institute        
 
Do you agree to take part in this study the results of which are likely to be published?  
 
Have you been informed that this consent form shall be kept in the confidence of the 
researcher?                                                                                                             
 
YES/NO 
 
YES/NO 
 
YES/NO 
 
 
YES/NO 
 
 
 
 
 
YES/NO 
 
YES/NO 
 
 
YES/NO 
Signed__________                         Date _______27/12/2012 
 
Name in Block Letters ____ PATRICIA GULLÓN ESTÉVEZ ___________________________ 
 
Signature of Researcher Date _______27/12/2012 
 
 
 
 
Please note: 
 
• For persons under 18 years of age the consent of the parents or guardians must be obtained or an 
explanation given to the Research Ethics Committee and the assent of the child/young person 
should be obtained to the degree possible dependent on the age of the child/young person.  
•  
• In some studies, witnessed consent may be appropriate.  
 
• The researcher concerned must sign the consent form after having explained the project to the 
subject and after having answered his/her questions about the project. 
 
 
 
 
SUBJECT INFORMATION 
 
 
Subject’s Name:   
PATRICIA GULLÓN ESTÉVEZ 
Code:  AX_B 
Date of Birth:   
29/04/1980 
Gender:   
FEMALE 
Nationality:   
SPANISH 
 
Do you smoke? 
Yes     No      
 
 
Do you take alcoholic beverages regularly? 
Yes     No      
 
 
Your dietary habits follow:  
Mediterranean diet     Other      
 
If other, please give details. 
 
Do you have any digestive diseases? 
Yes     No      
 
If yes, please specify. 
 
Do you have any other disease? 
Yes     No      
 
If yes, please specify. 
 
Do you take any prescriptions? 
Yes     No      
 
If yes, please specify. 
 
Have you taken antibiotics recently? 
Yes     No      
Please, specify. 
 
≤ 3 months           ≤  6 months             ≤ 12 months       > 12 months       
 
 
Signature         Date  27/12/2012   
 
 
CONSENT FORM 
 
 
Researcher’s Name:   
SOFIA FILIPA DE ALMEIDA ROCHA REIS 
Faculty/School/Department:   
University of Vigo, Department of Chemical Engineering (Campus Ourense) 
Title of Study:   
Evaluation of the prebiotic potential of arabinoxylans from brewer’s spent grain 
 
To be completed by the: 
subject/patient/volunteer/informant/interviewee/parent/guardian 
1. 
 
2. 
 
3. 
 
4. 
 
 
5. 
 
 
 
 
 
6. 
 
7. 
Have you been fully informed/read the information sheet about this study?    
 
Have you had an opportunity to ask questions and discuss this study? 
  
Have you received satisfactory answers to all your questions? 
 
Have you received enough information about this study and any associated health and 
safety implications if applicable? 
 
Do you understand that you are free to withdraw from this study? 
 
• at any time 
• without giving a reason for withdrawing 
• without affecting your future relationship with the Institute        
 
Do you agree to take part in this study the results of which are likely to be published?  
 
Have you been informed that this consent form shall be kept in the confidence of the 
researcher?                                                                                                             
 
YES/NO 
 
YES/NO 
 
YES/NO 
 
 
YES/NO 
 
 
 
 
 
YES/NO 
 
YES/NO 
 
 
YES/NO 
 
Signed_____________________________________                        Date _________27/12/2012 
 
Name in Block Letters ____ SOFIA FILIPA DE ALMEIDA ROCHA REIS ________________ 
 
Signature of Researcher Date _______27/12/2012 
 
 
 
 
Please note: 
 
• For persons under 18 years of age the consent of the parents or guardians must be obtained or an 
explanation given to the Research Ethics Committee and the assent of the child/young person 
should be obtained to the degree possible dependent on the age of the child/young person.  
•  
• In some studies, witnessed consent may be appropriate.  
 
• The researcher concerned must sign the consent form after having explained the project to the 
subject and after having answered his/her questions about the project. 
 
 
 
 
 
SUBJECT INFORMATION 
 
 
Subject’s Name:   
SOFIA FILIPA DE ALMEIDA ROCHA REIS 
Code:  AX_C 
Date of Birth:   
20/08/1975 
Gender:   
FEMALE 
Nationality:   
PORTUGUESE 
 
Do you smoke? 
Yes     No      
 
 
Do you take alcoholic beverages regularly? 
Yes     No      
 
 
Your dietary habits follow:  
Mediterranean diet     Other      
 
If other, please give details. 
 
Do you have any digestive diseases? 
Yes     No      
 
If yes, please specify. 
 
Do you have any other disease? 
Yes     No      
 
If yes, please specify. 
 
Do you take any prescriptions? 
Yes     No      
 
If yes, please specify. 
 
Have you taken antibiotics recently? 
Yes     No      
Please, specify. 
 
≤ 3 months           ≤  6 months             ≤ 12 months       > 12 months       
 
 
 
Signature   Date   27/12/2012                            
Subject     
  
 
 
 
